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ABSTRACT

SPATIAL AND TEMPORAL DYNAMICS OF LAND USE IMPACTS ON WATER
QUALITY IN WATERSHED SYSTEMS
SEPTEMBER 2007

OLGA TSVETKOVA, B.S., NOVGOROD STATE UNIVERSITY, RUSSIA
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Timothy O. Randhir

Predicting land use change and assessing watershed tradeoffs between the watershed
system components through system simulation helps to determine future nutrient and
sediment load reductions needed to obtain a particular water quality standard. This also
helps to examine the tradeoffs among nutrient and sediment load reductions that achieve
the same water quality objective. Tradeoff assessment is a useful tool to meet
agricultural and urban needs in regard protecting water quality. The purpose of this
study has been to develop and apply a spatial temporal dynamic simulation model for
the land use change and a hydrologic dynamic simulation model for the estimation of
the tradeoffs relationships between watershed contaminants and attributes. The Spatial
– temporal dynamic model is applied to one of the subbasins within the Blackstone
River Watershed to predict potential land use changes in the subbasin. Results show
that the increase in urban land use in the watershed is associated with the decline in
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agricultural and forest land. The overall preliminary results show that urbanization
could become a serious problem in the future. The results emphasize the need to protect
agricultural area in rapidly changing watersheds. In the watershed tradeoffs simulation
modeling, the effect of land use change on water quality is simulated using the Soil and
Water Assessment Tool. The methodology is applied to the Blackstone River watershed
and its 115 subbasins. Regression statistics as well as graphical techniques are used for
accurate evaluation of the model. Water quality and quantity estimated using an array of
equations to simulate watershed processes. It is observed that a fairly high variability
exists for soluble phosphorus, mineral phosphorus, and sediment yield. The tradeoff
relationships between watershed components are described by tradeoff equations and
graphically. The regression results indicate that the highest correlations exist between
nitrate and surface runoff and between mineral phosphorus and sediment yield. The
final tradeoff matrix is developed for the study watershed and could be used to assess
various policies that include policies on nutrients, water resources, and land use.
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CHAPTER 1

INTRODUCTION

As human populations continue to expand and an increasing number of people
use finite resources, future availability of adequate supplies of freshwater for human
and agricultural needs may become critical in many regions (Postel, 1997). According
to the United Nations Population Fund (UNFPA, 2005), while the global population
tripled over the past 70 years, the water use has grown six-fold, a result of industrial
development and expansion of irrigation. Rapid population growth and increased water
consumption are quickly depleting the available water and also degrading water quality
(Wear et al., 1998). Given that all vital resources, such as land, water, energy, and biota,
are inherently limited (Lubchenco, 1998), the most serious issue in natural resources
management is satisfying human needs while sustaining natural resources and
ecosystems. There is a need to study the temporal and spatial dynamics of human
impacts on water resources at a watershed scale. This study uses dynamic modeling to
evaluate land use impacts on watershed resources.
Globally, 1.2 million km2 of forests and 5.6 million km2 of grassland and pasture
have been converted to other uses during the last 3 centuries (Ramankutty and Foley,
1999). During this period, cropland has enlarged by 12 million km2. According to
Vitousek et al., (1997) human activity has transformed considerable portions of the
Earth’s land surface: 10 to 15 percent is dominated by agricultural row crop or urbanindustrial areas, and 6 to 8 percent is in pasture land (Agarwal et al., 2000).
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Between 1982 and 1997, 121,000 km2 of nonfederal land in the United States
was transformed into urban land developments (NRCS, 1999). According to 2000
census, 80% of the US population lives in metropolitan areas, with 30% of people living
in cities with population of 5 million or more. It is estimated that the percentage of
people living in urban centers will increase to 65% by the year 2030 (Aguirre et al.,
2002).
The last three decades saw a significant shift in global land use toward urban
land uses, with increases in both residential and other urban uses. Most of the shifts in
land use were from agriculture or forests to urbanized areas. According to the USEPA
(1999), the impact of land use and land cover changes occur at all scales. Changes at
local scales can have dramatic and cumulative impacts at broader scales. Consequently,
land use and land cover changes are not just of concern at local and regional levels, but
are also important at a global scale. Land use and land cover changes impact
biodiversity, water and radiation budgets, and climate at all scales (Riebsame et al.,
1994, Loveland et al., 2001). At local and regional scales, land cover change from new
land use practices that negatively affect water quality and sedimentation can have
considerable effects on aquatic systems (Lowrance et al., 1985). These changes can also
alter the structure of terrestrial plant communities through fragmentation, removal and
introduction of new species, and alteration of nutrient and water pathways (Ojima et al.,
1994; USEPA, 1999; Loveland et al., 2001).
Urban growth and the concentration of people in urban areas can increase
environmental problems related to land use and soil degradation and has important
implications on water quality (Wear et al., 1998) and health of watershed ecosystems.

2

Land use decisions have significant impacts on water and other natural
resources. As the intensity of land use increases, the potential negative impacts to water
and natural resources also increase. More intensively developed areas have a greater
level of impervious surfaces, such as roads, parking lots, sidewalks, and rooftops.
Impervious surfaces prevent natural infiltration of water and increase storm water
runoff. The increased runoff can lead to increased water pollution. Polluted runoff is the
number one water quality problem in the United States. There are four main sources of
polluted runoff such as managed green space, farmland, commercial and industrial
lands, and residential areas. The types of pollutants from each of these sources may
differ, but also they have some common pollutants (Miller, 2003)
Water quality, quantity and ecological interactions of watersheds are basically
the result of interactions between components of the watershed system such as rainfall,
runoff, erosion, sediment transport, and nutrients transport. Predicting land use change
and assessing watershed tradeoffs between the watershed system components through
system simulation can help determine the possible future nutrient and sediment load
reductions needed to obtain a particular water quality standard. This also helps to
examine the tradeoffs among nutrient and sediment load reductions that achieve the
same water quality objective.
Lu and Teasdale (2003) conducted research to estimate tradeoffs among soil
erosion, nutrient losses, and herbicide hazards by simulating data from six reducedtillage cropping systems in Maryland. The results indicated that a no-tillage, cornsoybean rotation with winter annual cover crops and zero nitrogen inputs presented a
minimal erosion risk and no risk of herbicide loss. The authors also indicate that all
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systems had nitrogen runoff that is beyond threshold levels in at least two-thirds of the
simulation period. Besides, the systems that had the lowest levels of nitrogen in runoff
were highest in phosphorus loss. Randhir and Lee (2000) used an integration of
nonlinear programming and a simulation model to assess the impacts of enforceable
standards at technology and farm boundary levels and to describe the role of nonpoint
source (NPS) pollutant standards on overall pollution, farm income, and income risk.
Choice of farm boundary standards over technology standards is dependent on the
impact of the policy on other NPS pollutants. The results indicate that the enforcement
type and the level of standard can have a significant impact on farm income and water
quality. Enforcing farm boundary standards on nitrates also have desirable effects on
subsurface and percolate nitrogen and variance in income.
Modeling the dynamics of a watershed ecosystem is useful to examine
watershed response to human activities. Water quality, flow regime, energy flows, and
ecological interactions of watersheds are the results of interactions between various
system components. Soil, topography, hydrography, and patterns of land cover are
influenced by human activities in the watershed. Spatial and temporal modeling allows
one to evaluate system dynamics of watersheds and provide insight into their
complexity and relationships among particular components. Projections of land use and
land cover change can provide understanding of possible future consequences of
watershed changes on human and natural systems and on the natural interaction within
the watershed system. To study these aspects, there is a need for dynamic models that
incorporate the processes of land use to be available at a range of time and space scales.
Key ecological principles for land use and its management deal with time, species,
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place, disturbance, and the landscape (Bagg and Ryan, 2000). Evaluation of the factor
dynamics on emerging land-use change, and assessment of tradeoffs in water quality
and quantity parameters at a watershed scale are critical in the development of
appropriate approaches and policies. A study of the complex interactions between
development decisions and ecosystems can also help to understand system dynamics
and assessment for management and policy.
Evaluation of the environmental consequences of watershed decisions would
also provide a better conception of the impact of private choices and public policies on
landscape structure and function. A watershed-based strategy (USEPA, 1996) is
appropriate in comprehensive assessment and management of natural resources
(Randhir and Genge, 2005). This strategy has an initial context that many water quality
and ecosystem problems are best solved at the watershed level rather than at the
discharger level or for an individual water body. There is also a need for enhanced landuse and watershed data to explain changes in water quality and living resources and to
improve decision support systems to manage watersheds practices.
To protect watershed resources, an integrated, resource-based modeling and
management approach is necessary. This study focuses on understanding how land-use
change emerges as a result of multiple factors and the implications of that change on
watershed dynamics, especially tradeoffs in water quantity and quality. This research is
also needed to develop new modeling approaches that fill gaps in the set of existing of
models by combining forecasting and simulation models to predict emergence of
watershed tradeoffs. Development of a quantitative model for assessing and predicting
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long-term impacts of land use change on water yield and water quality at a watershed
scale is the main focus of this study.

1.1 Objectives:
The general objective of the thesis is to study dynamic impact of land use
changes on watershed system and tradeoffs in water quality attributes. Specific
objectives of the study are to:
(i)

develop a spatially explicit, dynamic simulation for assessing land use change
and implications to watershed ecosystem;

(ii)

asses the nature and emergence of spatial patterns in land use and water
resources in a watershed system at varying spatial and temporal conditions;

(iii) simulate land use implications on water resources in a regional watershed
system;
(iv)

evaluate tradeoffs in water quantity and quality attributes for varying land use
scenarios; and

(v)

identify strategies that use spatial-temporal, dynamic and tradeoff information to
protect the watershed ecosystem.

1.2 Hypotheses:
Hypotheses that are formulated for this study include: (i) Spatial and temporal
changes in land use have significant effects on the water quantity in a watershed
ecosystem (ii) the nature of spatial patterns in water quality in a watershed are
influenced by temporal transitions and spatial conditions; (iii) dynamic modeling is
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superior to static models of land use change in watersheds; (iv) there exist significant
tradeoffs among water attributes in a watershed; and (v) there exist opportunities to
improve watershed systems through spatially targeted initiatives and practices.

1.3 Thesis Plan:
The thesis is presented as two major chapters: land use changes and watershed
tradeoffs followed by a concluding chapter. Each chapter has six major sections:
Introduction, Literature Review, Methodology, Results, Discussion, and Topical
Conclusions. The first chapter introduces the problem and background of the topic. The
Literature Review provides background literature on each topic. In the first topic, this
section focuses on a review of past research in land use change and its impacts on
watershed ecosystems. This also covers literature in dynamic modeling of watershed
ecosystems and has three subsequent subsections: Simulation, Integrated Models, and
Decision Making. For watershed tradeoffs, the Literature Review section focuses on
research in natural attenuation of watershed contaminants; specifically sediment,
nitrogen, phosphorus and other contaminants. The Methodology chapter describes the
use of the dynamic spatial modeling and water assessment tool in the development and
application of the simulation technique to watershed ecosystem analysis. This is
followed by the data used in this study and a description of the study area. The results
and discussion are presented in the last section of each chapter and are arranged into
various sections. The concluding chapter summarizes the entire thesis and reviews basic
aspects and arguments of the study.
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CHAPTER 2

SPATIAL TEMPORAL WATERSHED DYNAMICS

2.1 INTRODUCTION
Natural processes and both direct and indirect effects of human activities are
major drivers of land use and land cover change (Turner and Meyer, 1991). Land-use
change is a primary factor causing water-quality and habitat degradation (USGS, 2005).
Change in land-cover influence soil quality, water runoff, sedimentation rates, earthatmosphere interactions, biodiversity, the hydrological cycle, and biogeochemical
cycling of carbon, nitrogen and other elements at regional to global scales (Binford et.
al., 2000). Evaluating the impacts of land use and land cover change is important to
protect natural resources. Documenting the rates, driving forces and consequences of
change in watershed systems is emphasized in the 10-year strategic plan of the U.S.
Environmental Protection Agency’s Landscape Sciences Program (Jones, et al., 1999).
Changes in land use and land cover can be indicative of regional environmental
problems from impairment in both abiotic (surface runoff dynamics, lowering of
groundwater tables, impacts on rates and types of land degradation), and biotic
(biodiversity) processes. It is suggested that an understanding of changes in land use
and water use over the next 30 to 50 years is central to sustainability (UNU-IIASA,
2003).
Several types of approaches are used in modeling land use and land cover and
are usually based on assumptions regarding the nature of interactions and functional

8

form of the relationship to the drivers. The simplest approach is to assume that the
drivers and their functional relationships are comparable to those of the recent past.
Challenges for land use modeling include: 1) determining the spatial and temporal
scales needed to project land use change, 2) identification of the major feedbacks and
interactions between climate, social, economic, and ecological influences on changes in
land use, 3) determining the key sources of uncertainty and major sensitivities in
projecting characteristics of land use change (Agarwal et al., 2000).
Since 1980, there has been an increasing interest in the development of temporal
data models such as entity relationship models, semantic data models, knowledge-based
data models, deductive data models, and object-oriented data models (Cheng, 1999). A
temporal data model should facilitate an explanation of the state of the world at a
previous time, predictions of the state of the world in the future, and understanding of
the rules that manage changes observed in the real world (Cheng, 1999). Land use
models often deal with activities of land consuming agents. Describing the spatial
distribution of these activities and projecting future land uses are two main aspects of
these models. Growing attention is placed on the potential of GIS (Geographical
Information System) as a spatial decision support tool in local and regional
environmental impact assessment, planning, and implementation of governmental
policies at a local level (Munier, 2002). Agarwal et al, (2000) analyzed models that
have a human decision-making dimension, and incorporate spatial and temporal
dimensions. The models covered a range of modeling methods with different simulation
techniques: statistical/econometric models, dynamic systems models, logistic function
models, regression models, spatial simulation models, linear planning models, nonlinear

9

mathematical planning models, mechanistic GIS models, and cellular automata models.
Interest in applying of agent-based models to the study of land change has also been
growing rapidly during recent years. Agent-Based Models of Land-Use and LandCover Change (ABM/LUCC) combine a cellular model representing the landscape with
an agent-based model that represents decision-making entities. The cellular model may
include a variety of spatial processes and influences relevant for land cover change.
Cellular automata models are important tools for prediction of landscape changes like
the spread of urbanization and understanding future land cover patterns at different
spatial scales (Heiken et al., 2000).
Drivers of land use change include demography, technology, economy, political
and social institutions. Consequently, there is a need to develop a framework for
modeling land use change and hydrological impacts. Agarwal et al. (2000) discuss land
use change as an important and complex environmental issue that needs "many
eyeballs" working together. The complexity of time, space, and human decision-making
should be addressed in the process of environmental modeling. Temporal complexity
refers to the time- component of the system, while spatial complexity represents the
extent to which a model is spatially explicit (Agarwal et al., 2000).
There are two types of spatially explicit models: spatially representative and
spatially interactive. A model that is spatially representative can incorporate, produce,
or display data in two or, sometimes, three spatial dimensions, such as northing, easting,
and elevation, but may not explicitly model topological relationships and interactions
among geographic features. In these cases, the value of each cell might change over
time, but are independent of neighboring cells. By contrast, a spatially interactive model
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explicitly defines spatial relationships and their interactions over time. Starting with
models with no spatial representation (lumped), models increase in complexity as
spatial and temporal dimensions are added. Spatially explicit models include the impact
of variations across space and time of different factors on land-use change. Thus,
spatially explicit models are superior in simple spatial representation (Agarwal et al.,
2000).
The specific objective addressed in this chapter is to assess the nature and
emergence of spatial patterns in land use and water resources in a subwatershed system
at varying spatial and temporal conditions: (i) develop a spatially explicit, dynamic
simulation for assessing land use change and implications to watershed ecosystem;
(ii) assess the nature and emergence of spatial patterns in land use and water resources
in a watershed system at varying spatial and temporal conditions; (iii) simulate land use
implications on water resources in a regional watershed system;

Hypotheses:
Hypotheses that are formulated for this study include: (i) Spatial and temporal
changes in land use have significant effects on the water quantity in a watershed
ecosystem (ii) the nature of spatial patterns in water quality in a watershed are
influenced by temporal transitions and spatial influences; (iii) dynamic modeling is
superior to static models of land use change in watersheds.
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2.2 LITERATURE REVIEW
This chapter presents the background and reviews literature on topics related to
spatial-temporal modeling of watersheds. The first section focuses on the background of
the modeling problem. The second section focuses on a review of dynamic simulation.
The last section reviews literature on modeling land use and watershed systems.

2.2.1 Background
Temporal and spatial dimensions of the land use change that shapes urbanization
are not very well known. A good understanding of the primary drivers of land use and
their interactions will enable better land use and watershed management strategies.
Land use and management decisions depend on a variety of economic, environmental,
and social scenarios. The cost of providing basic public services (such as water, sewer,
etc.) is essentially dependent on their spatial distribution. Ecological services such as
water purification and wildlife habitat protection are also dependent on the pattern of
land use. Patterns of land use, land-cover change, and land management are formed by
the interaction of economic, environmental, social, political, and technological forces.
These drivers may have considerable effects on future land use and cover (Abbott et al.,
2003).
The ability to understand the landscape patterns will allow better planning of
land use and aid in minimizing negative impacts on water quality. Development of a
dynamic land use and water quality simulation model at a watershed scale can help to
predict the fate and transport of water contaminants in a watershed ecosystem as a result
of land use change initiatives. “Dynamic modeling is a process of scientific thinking
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and extending our knowledge, aided by a machine. It allows one to formulate and revise
scientific hypotheses and theories using logic and evidence” (Hannon, 2002).
Resources, ecosystems, and land cover change over time. Spatially explicit simulation
models can provide testable hypotheses about landscape development under a particular
set of scenarios. Simulation modeling allows the researcher to assess the system
dynamics of a watershed that provides insight into its complexity, structure and
functions.

2.2.2 Dynamic Simulation Modeling
Computer-based, dynamic simulation modeling is a powerful tool for supporting
long-term, sustainable management of freshwater resources. Researchers and
professionals use dynamic modeling to explore the dynamics and drivers of landuse/land-cover change and to bring up-to-date policies affecting such change. A broad
group of models and modeling methods are available to researchers. Each type has
certain advantages and disadvantages depending on the objective of the research.
Developments in computer technology have popularized the study of hydrologic
systems and water resources management. A number of computer-based water quality
models have been developed for applications in hydrologic and water resources
modeling. Distributed parameter models, necessary for basin-scale studies, have large
input data requirements. There are a number of computer-based tools to simulate and
test how proposed changes would work for a watershed ecosystem. Integrating
biological and ecological sciences with remote sensing, GPS, and GIS in dynamic
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simulation models results in development of sophisticated instrumentation and
techniques to study environmental issues on different scales.
A model is not a scientific hypothesis. It is a tool that can be used to estimate
scientific hypotheses and make predictions from these hypotheses (Mangel and Clark,
1988). “The initial structure of a model must be determined by the objectives, not by the
available data. In simulation models we give the computer an algorithm that enables it
to compute how the variables alter from one time step to the next” (Starfield, 1986). A
large number of dynamic simulation models are focused on landscapes, dynamics,
transitions, and human actions. By calculating a set of spatial characteristics from the
simulated land-cover and comparing them to the characteristics calculated from the
actual land-cover data, the role of land use drivers for different land-uses types could be
explored (Laine and Busemeyer, 2003). The spatial background of landscape elements
is characterized by the grouping of both biophysical and human forces (Fernandez et
al., 1992). In temporal scales, human activities are basic drivers in shaping land use
change. Some of them become these drivers as a result of particular management
practices while others because of social, political and economical forces that affect land
uses (Medley et al., 1995). The rising understanding of the need for spatially explicit
land use change models has led to the development of a great number of land use
change models.
Over the last decade, there has been a significant shift in the nature of the
proposed or actually used modeling frameworks. There has been widespread use of
visual modeling environments, usually based on the System Dynamics paradigm
(Forrester, 1971). System Dynamics is based on conceptualizing a system in terms of
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compartments (stocks) and flows, and provides an intuitive way of modeling with
differential or difference equations. Stella is the best known and probably most widely
used visual modeling environment for System Dynamics (Costanza et al, 1998;
Costanza and Gottlieb, 1998; Costanza and Voinov, 2001). Although Stella has no
explicit spatial-modeling capability, Maxwell and Costanza (1997) have linked Stella
modeling to Geographic Information Systems (GIS) by using Stella to model a single
patch, then using the exported equations to produce a program that is then coupled to
the GIS (Muetzelfeldt, 2007).
There are other similar packages such as Modelmaker, Powersim, Simile and
Vensim. The Simile model was developed as a proof-of-concept demonstrator for
declarative modeling. In declarative modeling, a model is represented not as a series of
assignment and control statements, but as a set of facts that are true about the model
(Muetzelfeldt and Taylor, 2001).
The main characteristics of the use of visual modeling tools is that they tend to
be used for wholesystems modeling: the model is essentially a flat structure, consisting
of System Dynamics elements. Simile is a visual modeling environment specifically
developed to explore and demonstrate the feasibility and benefits of a declarative
modeling approach in ecological and environmental research. It is a powerful modeling
environment used in a number of international research projects (Muetzelfeldt and
Massheder, 2003). Simile has a model-representation language which is rather more
expressive than that of other modeling environments, and was developed specifically to
make the case for declarative modeling, so it brings these concepts to the surface to a
greater extent than other environments (Muetzelfeldt, 2007).
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Simile can be characterized by the following main features: system dynamics
modeling, disaggregating, object-based modeling, spatial modeling, modular modeling,
efficient computation, customizable output displays and input tools, and declarative
representation of model structure. System Dynamics is a diagrammatic notation for
representing systems, based on a concept of compartments (stocks, levels) and flows
(processes) (Forrester 1971). The compartments represent mathematical state variables,
and the flows contribute to the rate-of-change term for each state variable. System
Dynamics include the concept of influence, intermediate variable and parameter.
Influence arrows show which quantities are used to calculate other quantities.
Intermediate variables hold intermediate quantities. Parameters hold values which are
constant during a simulation run. Simile allows expressing many forms of
disaggregating by defining how one class behaves, and specifying then that there are
many such classes. Simile allows a population of objects to be modeled. Spatial
modeling, in Simile, is basically a form of disaggregating. One spatial unit is modeled,
and then many such units are specified as objects. Each spatial unit can be given spatial
attributes (area, location), and interactions between spatial units can be represented
(Muetzelfeldt and Duckham, 2005). Simile allows any model to be inserted as a
submodel into another model. Having done this, the modeler can then manually make
the links between variables in the two components, thus, any submodel can be extracted
and run as a stand-alone model (Muetzelfeldt, 2007).
The landscape is dynamic with regard to spatial, structural and functional
patterns (Hobbs, 1997). The purpose of land use change simulation modeling is to
explain, describe, predict, evaluate impact and test hypotheses (Briassoulis, 2000). One

16

important concept is that landscape pattern influences ecological processes and
characteristics. Structure, function, and change are three essential landscape
characteristics in landscape ecology (McGarigal and Marks, 1995).
To study the socio-economic effects on landscape change in metropolitan
region, Wang and Zhang (2001) developed a dynamic landscape simulation. The model
consists of two submodels: urban growth simulation and a land cover simulation. To
obtain transition thresholds and transition rates of the land cover changes, historical
land cover and census data were applied in that study.
Allen et al. (1999) applied GIS-based methodologies for analysis, modeling and
prediction of coastal land-use change. They took a micro approach to examine the
parcel-based land-use change at the local scale. A spatial multivariate logistic regression
model was developed and 20 variables were selected for predicting the possibilities of
land-use change for Murrells Inlet. The results indicate the advantages of GIS in landuse change studies due to its ability to perform spatial analysis, model spatial processes,
and map the results. The results also indicate that the Murrells Inlet has experienced
rapid land-use change over the last thirty years.
Jane (2003) performed a characterized canopy disturbance in a reduced-impact
logging operation in central Amazonia using remotely sensed data. Result show that
spatial methods were effective at characterizing the different logging feature treatments
at different plot sizes. The spatial methods show the potential for monitoring and
management of logging activities over landscape scales. The importance of scale as
well as the use of remotely sensed data is emphasized in this article.
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Anwar and Borne (2005) performed a dynamic simulation of land-use changes
in a periurban agricultural system. They presented a dynamic simulation model of landuse change of the Nong Chok area in Central Thailand by integrating remote sensing,
geographic information systems and a dynamic simulation toolkit. The model was
developed on the basis of selected spatial and human driving forces and was run for 19
years from 1981 to 2000. Data describing present and historic land-use patterns were
derived from aerial photographs. This study was conceived for the simulation of land
use cover, in particular, from paddy fields to fish. The results of the simulation showed
substantial ability of the model to diffuse fishponds.
Dynamic simulation modeling helps better understand the driving forces of landuse change and reconstruction of past changes while studying the driving forces of landuse change dynamics is important for understanding the change process. Models
represent, in a dynamic way, simplified versions of our current understanding of the
processes of land-use changes. A spatially explicit simulation model helps to test
hypotheses about land use change under several scenarios. There is a need for models
that are able to merge two approaches to understand land use distribution in time and
space in order to represent changes in land use characteristics over time while tracking
the spatial distribution of those changes.

2.2.2.1 Simulation Modeling
Simulation and modeling are computer-based tools created to mimic reality and
are widely used in analyzing behaviors to understand processes. Simulation is a process
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that represents a structure and change of a system. The main purpose of simulation is to
understand what would really happen in the real world if similar conditions occur.
In simulation some aspects of reality are reproduced within the model. Models
can perform demonstration of past changes and can also investigate various
transformations and their impacts. Models can also help to realize the connections
between events and factors and to examine their dynamics. Building a model is
basically a step to the most crucial analyses such as making a decision. Simulationmodeling tools can be considered as tools within a general decision-making framework.
Many simulation products include tools for both input and output data analysis. Support
for run control and statistical analysis of results is also very important and allows
running more complicated experimental designs (Swain, 2001). Models represent a
simplification of a system and the results need to be carefully considered. Applications
of modeling and simulation computing techniques have certain limits. As models
represent a simpler version of reality, certain factors can be omitted, and can lead to
mistakes. As the complexity of real systems increases models need to be more complex
to represent the reality more accurately. A conceptual design or a theoretical framework
is one of the most important components for the simulation.
Dougherty et al., (2003) studied phosphorus transfer in surface runoff from
intensive pasture systems at various scales addressed a specific question relating to the
conceptual modeling. The study presents a conceptual model of P transfer that
integrates landscape effects and reviews the research relating to P transfer at a different
range of scales. The authors observe that the majority of research investigating the
processes of P transfer has been undertaken at the plot scale. The researchers also
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emphasized the importance of integrating data gathered at a range of scales so that more
effective strategies to reduce P transfer can be found. Improvement in the understanding
and identification of the conceptual framework areas can contribute to increased
effectiveness of strategies.
Herr et al. (2003) applied modeling to study acid mine drainage (AMD) on a
watershed scale for TMDL calculations in the Cheat River of West Virginia to meet
the water quality criteria for pH, total iron, aluminum, manganese, and zinc. An acid
mine drainage watershed model was enhanced to simulate AMD as nonpoint source
load. The model divided a watershed into a network of catchments and river parts.
Each catchment was divided into soil layers. Simulated hydrology and water quality
were compared to available data. The authors observed that the USEPA used the
calibrated model to calculate the TMDLs in the Cheat River Watershed.
Greene and Cruise (1995) applied urban watershed modeling using geographic
information system to direct a hydrologic modeling effort for watershed management in
Baton Rouge, Louisiana. The GIS identified hydrologic response units (HRUs), and the
locational information (coordinates) of the HRU boundaries were used to guide and
direct the model. In this study, the curve number method was used to determine rainfall
events.
Wilkie and Finn (1988) created a spatial model of land use and forest
regeneration in the Ituri forest of Northeastern Zaire. The cell-space model of land-use
change was developed to study the changes in forest structure for eight land-use
categories: road, village, fields, farm bush, Musanga forest, old seral forest, climax
forest and forest islands. The model consisted of two main parts: forest succession and
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shamba (field) selection. Forest succession was determined deterministically by time
since cultivation. Simulations using various parameter combinations were implemented
starting in 1940. The simulation lasted from 45 to 250 years. For the simulation with no
population growth, the model predicted a more open habitat near the road. With 5%
population growth, the area near the road was converted almost entirely to farm-bush
and Musanga forest in 45 years. Results show that the total area must be abandoned
after about 80 years.
Pohlert et al., (2007) modeled point and non-point source pollution of nitrate in
the river Dill, Germany. They used the Soil and Water Assessment Tool (SWAT) to
simulate point and non-point source pollution of nitrate in mountainous catchments. The
results showed that the internal fluxes and cycles of nitrogen pointed out considerable
weaknesses in the model’s conceptualization of the nitrogen modules, which should be
improved in future research.
Simulation modeling can be used in impact assessment by predicting future
system behavior. Different variables should be considered in the modeling. A more
sophisticated approach is to build probability models of each input variable, and then
run a large number of simulations using different time series generated by the
probability models, where the result will be a variety of impacts, with different
probabilities of occurrence (Finn, 1990). The wide range of important modeling
research indicates that a combination of a good modeling design with appropriate
execution techniques can provide strong foundations for further environmental
protection activities.
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2.2.2.2 Decision Making
Computer simulation and modeling can help identify (parameterize) the system
and serve as planning tools to help manage environmental issues in a watershed
ecosystem. Researchers and decision-makers have recognized the importance of public
participation, but it is still one of the most controversial issues in environmental
decision-making. The public is becoming involved in complicated computer modeling
efforts that have been developed to bring up-to-date watershed management decisions.
On the other hand, model-building involves numerous assumptions, judgments, and
decisions that are relevant to the public.
Korfmacher (2001) investigated the relationship between public participation
and environmental decision-making. Although this question is relevant to many areas of
environmental policy, it has become important in watershed management as the author
asserts. This paper examines the politics of public involvement in watershed modeling
efforts and proposes five guidelines for good practice. In his research the author
analyzed four cases in which different approaches to public involvement in the
modeling process have been applied. The author makes some recommendations for
future efforts to involve communities in watershed modeling.
Randhir et al. (2000) applied multiple criteria dynamic spatial optimization to
manage water quality on a watershed scale. The researchers developed a dynamic
spatial optimization algorithm for watershed modeling. This algorithm was formulated
in order to reduce dimensionality and integrate multiple objectives. The authors
demonstrated that a spatially complex watershed plan could achieve multiple goals in a
watershed. This study found that the spatial algorithm could be used to develop efficient
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policies towards environmental management of watersheds to address water quality
problems by determining optimal tradeoffs through objectives.
Costanza and Ruth (2000) focused their research on using dynamic modeling to
scope environmental problems and build consensus. This paper estimates the role of
dynamic modeling for managing and understanding complex ecological economic
systems. The authors discuss new modeling tools for problem orientation. They also
provide some ideas on stakeholders’ consensus building and describe four case studies
in which dynamic modeling were used to build consensus about the management of
complex systems. The case studies range from industrial systems to ecosystems. These
case studies illustrate uses of dynamic modeling to include stakeholders in all stages of
consensus building.
Djodjic et al., (2001) conducted a research to design a decision support system
for phosphorus management at a watershed scale. The authors observe that proper
management of P in agricultural production systems can greatly enhance ability to
minimize pollution of aquatic environments. A decision support system (DSS)
consisting of the Maryland Phosphorus Index (PI), diagnosis expert system (ES),
prescription ES, and a nonpoint-source pollution model, Ground-water Loading Effects
of Agricultural Management Systems (GLEAMS), was developed and applied to an
agricultural watershed in southern Sweden to meet the requirements of the proper
management of P. This system identified critical source areas (CSAs) regarding
phosphorus losses within the watershed. The designed decision support system was able
to diagnose probable causes of phosphorus losses, and prescribe the most appropriate
best management practices (BMPs). Results showed that using the DSS makes it
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possible to select a proper BMP performance strategy and to understand the beneficial
effect of BMPs on a long-term basis.
Shriver (2005) developed a classification and prioritization model to assess
impairment in watersheds. The SWAT model was applied to the Chicopee River
Watershed of western Massachusetts. Four highly impaired subwatersheds in five
communities were identified and evaluated for major forms of degradation and potential
restoration policies and best management practices.
The decision making process can be considered as a group of people (decision
makers) trying to decide on the correct actions to achieve goals using information about
the results of past actions. Making a decision implies that there are alternative choices
to be considered but to choose the one that best fits with goals is the most important
effort.
Dynamic components of a watershed ecosystem are an important area of study.
Studies in Spatial and Temporal Modeling of Land use Dynamics is limited in
watershed literature. This thesis will address a portion of this gap with development of
the land use change and watershed ecosystem models on a watershed scale. The ability
to use land use and hydrological models in order to clarify the processes can support
management decisions.
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2.3 Study area
The simulation model is applied to one of the subwatersheds of the Blackstone
River watershed. The Blackstone River is 48 miles long, flowing from south central
Massachusetts into northeastern Rhode Island. The Blackstone River watershed (Figure
1) provides an excellent watershed for the study caused by its historical role in the
industrialization of the northeast, and due to its current role in the environmental health.
The Blackstone Valley was formed by glacial action about fifteen thousand years ago
that slowly shaped the course of the Blackstone River. The Blackstone River drainage
system is one of the seven major river systems of the northeast and its tributaries, banks
and floodplains provide a rich habitat for flora, fish and wildlife (Wright et al., 2001).

Figure 1: Blackstone River Watershed locus map.
In New England region, the current composition of forests is a consequence of
past patterns and land use activity in agriculture and forestry. During the 18th and 19th
centuries, most forests in New England were partly cleared for agriculture, and partly
harvested for wood products. By the late 19th century, agricultural lands were
abandoned as a result of industrialization and forests grew over again. Current forest
composition reflects past land use. The modern vegetation in New England is a result of
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complex human-impacted disturbance histories, with the composition that developed a
result of prior land use (USEPA, 1999). Consequently, forecast future patterns of land
use and land cover change, this research should be based on an understanding of both
the historical and contemporary drivers that operate at different spatial and temporal
scales.
The area of interest is located in the middle of the Blackstone River watershed
and is at the intersection of the four towns: Uxbridge, Northbridge, Sutton, Douglas
(Figure 2).

Figure 2: Blackstone River subwatershed locus map
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All four towns are located in Worcester County, Massachusetts. As of the 2000
census, Uxbridge had a total population of 11,156. According to the United States
Census Bureau, the town has a total area of 78.7 km², where 76.5 km² is land and 2.1
km² (2.73%) is water. Northbridge town had a total population of 13,182 and has a total
area of 46.8 km², where 44.5 km² of it is land and 2.3 km² (4.87%) is water. As of the
2000 census, Sutton had a total population of 8,250 and a total area of 87.9 km², where
83.9 km² of it is land and 4.0 km² (4.57%) is water. As of the 2000 census Douglas had
a total population of 7,045. Being in the Blackstone River Valley Douglas was a main
center for industry in the 19th century. The loss of the railroads provoked a decline in
the industrial sector of the economy and lead to commercial development. According to
the United States Census Bureau, the town has a total area of 97.7 km², where 94.2 km²
is land and 3.5 km² (3.55%) of it is water.
The total study area occupies 7,838.925 acres for the modeling matrix and
3,670.491 acres for the subwatershed itself. The area of interest is composed of a
mixture of forest, agricultural, suburban and urbanized areas. The land use distribution
within the subwatershed and surrounding area are based on the land use data for 37category landuse code for 1999 available from MassGIS and represented in the Table 1,
p. 74.
Agricultural land use is distributed throughout the subbasin. Most of the
agricultural land is cropland and pasture and tends to be especially in the northeast part
of the area. Residential land use is distributed throughout the basin and is divided into
four types according to the acre lots and housing densities. Urban land use in the
subbasin is generally concentrated in the southeast part of the area and represents 34
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percent of the total area. Forested land is evenly distributed throughout the basin and
tends to be along stream channels, especially in the southern and northern parts of the
basin (Figure 2).
The process of urbanization impacts streams in many ways that include
alterations to hydrology, morphology, water quality, and habitat and ecology. Changes
to these stream attributes are caused by an increase of impervious surface cover
associated with the process of urbanization (Schueler 1992).
Rainfall records from the National Weather Service (NWS) rain gage in
Woonsocket, Rhode Island, specify that the average annual rainfall for the lower
Blackstone River basin was 47.9 in/yr for the period 1957–99 (Carol LaRiviere,
Assistant Superintendent for the Woonsocket Water Division, written comm., 2002).
According to Barlow (1999), the 5-year average population for the lower
Blackstone River basin is estimated to be 149,651 persons. The population within the
lower Blackstone River basin in general decreases from east to west. The most highly
populated subbasin is the Peters River subbasin with an estimated population of 70,641
persons. The next most populated subbasin is the West River subbasin with 31,862
persons, followed by the Abbott Run subbasin with 21,750 persons. The Clear River
subbasin is estimated to be 12,316 persons, the Branch River subbasin - 8,392 persons,
and the Chepachet River subbasin with 4,689 persons. The lower Blackstone River
basin includes the cities of Woonsocket and Pawtucket, with 5-year average populations
of about 41,800 and 68,300, respectively. These cities and other suburban towns in the
eastern subbasins of the lower Blackstone River basin have higher populations than
towns in the western subbasins (Barlow, 1999).
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In general, land within the lower Blackstone River basin can be characterized as
predominately forested (55.8 percent). The next largest land-use category is residential
(18.4 percent), followed by wetlands (7.4 percent), agricultural (5.4 percent), water (3.3
percent), commercial (1.5 percent), industrial (1.0 percent), and transportation (1.0
percent), with other land-use categories compose the remaining 6.2 percent of the lower
Blackstone River basin. The percentages of commercial, industrial, and agricultural
land use did not vary very much from the western to eastern subbasins (Barlow, 1999).
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2.4 METHODOLOGY
This part is divided into various sections, starting with the conceptual
framework to represent the relationships between environmental factors and modeling
of the environment under the current research structure. This is followed by a section on
methods, which describes dynamic modeling tools used in this research, data used, and
empirical models. Next is a description of the study area history with emphasis on the
study area background and natural resource issues. Preliminary results and preliminary
conclusions and findings are given in the last two sections of the methodology chapter.

2.4.1 Conceptual Framework
The conceptual framework for the study is presented in Figure 3. It presents the
components and relationships that have been used as a framework for the analysis in
this study to model land use change. The conceptual model provides a working strategy
for this study and contains general concepts and their interrelations. It orients the
research towards specific sets of research questions and provides a baseline for the
current research.
In predicting land use change, two components were integrated through
feedbacks and interdependencies: temporal and spatial drivers. The temporal
(Markovian) driver is used to determine the probability distribution from one state to
another through time. Due to several reasons such as spatial competition, ecological and
economical complexity one land use is more likely when it has another land use type as
a neighbor. Consequently, the optimal land use decision also depends on the
consideration neighboring parcels, their ownership, and their use. Therefore the
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influence of spatial drivers is also being addressed in this study. A Dynamic simulation
model that is spatially explicit is developed using SIMILE (Simulistic, 2003). Simile is
a visual modeling environment specifically developed to explore and demonstrate the
feasibility and benefits of a declarative modeling approach in ecological and
environmental research. It is a powerful modeling environment used in a number of
international research projects (Muetzelfeldt and Massheder, 2003) and is used in this
study to construct the land use change model integrating both Markovian and Spatial
drivers on a subwatershed scale.

Figure 3: Conceptual Model

2.4.2 Methods
The empirical model is presented in Figure 4. The temporal dynamics is
evaluated using a time-series of land use to derive transition probabilities. The transition
probabilities are incorporated into a transition matrix to perform the MCMC (Monte
Carlo Markov Chain) analysis. The spatial dynamics is assessed using a cellular
interaction of contiguous neighborhood cells. These dimensions are modeled in a
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Dynamics and object-based modeling and simulation software, SIMILE (Simulistic,
2003). The modeling is performed using the model interface of the software for 3025
cells. Each cell is modeled in state space to study the dynamics of shift in land use.
Before building a larger and more complex model, a smaller scale hypothetical
version is used in testing and building all temporal processes. The preliminary, nonspatial model was created in STELLA (ISEE Systems, 2005) software where the
hypothetical setting for initial experiments uses 16 cells. The model is run for varying
periods to derive space- time trajectories. This is used as the basis for application at a
larger scale.

Figure 4: Spatial – Temporal Watershed Dynamic Model (SWD)
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Spatial – temporal Watershed Dynamic Model (SWD) is coded in to the
simulation software, SIMILE (Simulistic, 2003). This is based on the principles of
system dynamics and used for the development of the land use change model.
Explanations of the individual components of the empirical model are presented in the
following sections.
The spatial – temporal watershed dynamic model assumptions on land use
change are based on two factors: the land use now and in future is based on knowledge
of the past land use change and on consideration of neighboring parcels.

2.4.2.1 Dynamic Land Use Change Modeling
A dynamic model for predicting the land use change and impacts on watershed
ecosystem is developed for spatial and temporal drivers.

Dynamic transition
The overall modeling of land use transition can be illustrated schematically as
shown in Figure 5: the object in state X (t) at the beginning of time period t, is
influenced by a spatial driver S (t); it undertakes an action A(t), which affects its state
X(t+1) in the next period of time, and may also result in an immediate reward R(t). Both
the reward and the transition to the new state X (t+1) may be expose to random effects
w(t). The process is repeated at periods t+1, t+2, …, T (Clark and Mangel, 2000).

33

Figure 5: Schematic diagram of the evolution of a stochastic system
(Modified from Clark 1985)
Markov Chain/Transition Matrix
Land use succession can be represented through a probalistic progression from
one state of land use to another through time. Land-use change is not static in nature but
dynamic with a cause-response behavior involving multiple variables. A parcel of land
may change from one category of land-use to another, depending on multiple variables.
In this study, a Markov chain model is applied to make predictions and supporting
factors affecting human land use decision-making. In this specification, the land use at
time (t+1) is represented as dependent only on land use at a previous time (t).
A parcel of land may change from one category of land-use to another,
depending on various variables. For example, the land use can change from Forest to
Agriculture with a probability of 0.4, which is called the transition probability. The
probability of transition from state i to state j, is given for every possible combination of
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i and j (including i = j). The system may change from one state into another or can stay
in the same state. The change in the state of the system is called a transition (Figure 6).

Transitional Matrix

Transition Diagram

Figure 6: Transitional matrix and diagram

Land-use decision making
Land-use decision-making is a complex process. The landowner optimizes
activities (land-use changes) in benefit from land. An owner also makes the decision
based on the spatial extent of these activities. The optimal decision depends not only on
the careful consideration of local factors, but also on the decisions on neighboring
parcels, their ownership, and their use.

2.4.2.2 Preliminary Non-Spatial Model
The preliminary model is non spatial and is designed using STELLA (ISEE,
2005). This incorporates a transition matrix as a driver for three land use types.
STELLA (ISEE Systems, 2005) is basically a graphical programming environment that
is specially designed for modeling systems that can be described by a sequence of
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differential equations. Users can create graphical representations of systems and then
enter values and expressions related to the components of the system. The program uses
this information to construct a set of differential equations that are solved over time
using standard numerical techniques (Bice, 2000).
A preliminary analysis is used to create a basic model and understand the role of
Markovian and spatial drivers within a watershed system. The preliminary model uses a
hypothetical setting of 16 cells. The model is run for varying periods to derive spacetime trajectories. The model prepared using STELLA is diagrammed in Figure 7 and
represents the following relationships and dependencies: urbanization intensity,
different shifting time for forest and agriculture land use types, and a combination of
Markovian and spatial drivers (Figures 21, 22).
The preliminary model evaluates land use change using land use coefficients for
urban, agricultural, and forest land use types. The model has four different submodels
that include: land transition, Markovian driver, spatial driver, and soil loss equation. In
order to create a working preliminary dynamic model various submodels and
components were integrated through feedbacks and interdependencies between the
variables. The model contains three state variables one for each land use: Agriculture,
Forest, and Urban. Each state variable has an inflow into the stock and one outflow. The
state is represented by a binary value for the presence or absence of a land type. State
variables can vary over time, depending on what the object is subject to, and also
depends on random events (Figure 7).
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Figure 7: STELLA Land Use Change Dynamic Simulation Model

Each inflow has two auxiliary variables, which include possible transfers of land
use type, while outflows include two factors: state variable and land use losses. A
random driver and each possible transport of land use type define every transfer
variable. Transfer variable is represented by ‘if then’ statement and contribute the ‘max’
(maximum) value into the system. The preliminary working model incorporates a
transition matrix as a driver for three land use types; it is extended to be spatially
explicit by using neighborhood functions within 16 cells in an array specification and is
run over 100 years.
To model soil loss under different scenarios The Revised Universal Soil Loss
Equation (RUSLE, 1998) was used in the model: R*K*LS*C*P = S where S - the soil
loss in tons per acre, R is the rainfall factor, K is the soil erodibility factor, LS is the
land segment width and slope factor, C is the cropping factor, and the P is the support
practice factor.

2.4.2.3 Spatial Dynamic Model
The Spatial – Temporal dynamic model is applied to one of the subbasins within
the Blackstone River Watershed to predict potential land use changes in the subbasin.
The selection of subbasin is based on existence of a diversity of land use types. The
selected subbasin is considered as an area divided into grid squares, with each square
having one of four possible states. Each cell has one of the four possible states. This
corresponding to four land use types: forest, agriculture, urban, and other. Each grid
behaves independent of each other. The equations (1-8) used in the STELLA model are
presented in Figure 8, using the example of agriculture land use type.
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AGRICULTURE[I,J](t) = AGRICULTURE[I,J](t - dt) + (AG_INFLOW[I,J] - AG_OUT[I,J]) * dt

(1)

INFLOWS:
AG_INFLOW[I,J] = IF ((TOTAL_AREA[I,J] ) <= 100) THEN F_TO_A[1,1]+U_TO_A[I,J] ELSE 0

(2)

OUTFLOWS:
AG_OUT[I,J] = A_TO_F[I,J]+A_TO_U[I,J]

(3)

A_TO_F[I,J] = IF(TRANSFER_FROM_A[I,J] = 1) THEN
(TRANSPORT_A_TO_F*AGRICULTURE[I,J]*(1-SPATIAL_INFLUENCE_FOREST[I,J])) ELSE 0

(4)

A_TO_U[I,J] = IF(TRANSFER_FROM_A[I,J] = 1) THEN
(TRANSPORT_A_TO_U*AGRICULTURE[I,J]*(1-SPATIAL_INFLUENCE_URBAN[I,J])) ELSE 0

(5)

SPATIAL_AGRICULTURE[1,1] =
(AGRICULTURE[1,2]+AGRICULTURE[2,1]+AGRICULTURE[2,2])/CELL_NUMBER[1,1]

(6)

TOTAL_AGRICULTURE = ARRAYSUM(AGRICULTURE[*,*])/16

(7)

TOTAL_AREA[I,J] = AGRICULTURE[I,J]+FOREST[I,J]+URBAN[I,J]

(8)

Figure 8: Equations for agriculture land use type in STELLA model

Transport coefficients from one land use type to another are specified based on
land use probabilities. The assessment is conducted to explore the change of three land
use types over 100 years. It was observed that the increase in urban land use in the
watershed was associated with a varying influence on the decline in agricultural and
forest areas. The Spatial – Temporal dynamic model is applied to one of the subbasins
within the Blackstone River Watershed to predict potential land use changes in the
subbasin.
The spatial dynamic model builds up environmental change resulting from
human land uses at modeling larger subwatershed scale. This will allow understanding
of how land-use change emerges as a result of multiple factors in a watershed system.
We use a dynamic model, SIMILE simulation tool (Simulistic, 2003) to assess the land
use changes within different land use types and analyze the factors that drive land use
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changes in the study area. The dynamic simulation tool, SIMILE (Muetzelfeldt and
Taylor, 2001), is a visual modeling environment providing integration of dynamic and
spatial modeling with the ability to represent space.

2.4.2.3.1 Overall Model
The overall spatial-temporal dynamic model is presented in Figure 9.

Figure 9: Overall spatial-temporal dynamic model

Land use change is influenced by interaction between temporal and spatial
factors in the watershed. Modeling these complex changes is critical to evaluate
emerging land use and potential problems in water quality in the watershed. In
predicting land use change, two components that are integrated include temporal (the
transition probability from one state to other) and spatial (consideration of the spatial
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adjacent parcels) dimensions. The temporal dynamics is evaluated using transition
probabilities of land use time-series derived from GIS land use dataset. A MCMC
(Monte Carlo Markov Chain) analysis is used to model spatially explicit changes in the
watershed. The dynamic watershed (SWD) model is applied to one of the subbasins in
the Blackstone River Watershed, of Massachusetts to predict potential land use changes
and expected water quality changes. The subwatershed is chosen because of presence of
all four kinds of land use types within the area and because of its location right in the
middle of the Blackstone River watershed. The subwatershed scale is chosen due to
limitation of SIMILE software to work with number of patches.
The land-use change model integrates two submodels: Spatial four-state Markov
model and Land-use dynamics. This is created by considering the transition of land use
types under the influence of Markovian and Spatial drivers. This model predicts how
urbanization changes over time and demonstrates the effects of altering the extent of
vegetation in the watershed. The transition probabilities are calculated based on
historical land use change data information from MassGIS. The land use types are
reclassified into four major categories; the proportional areas are calculated for each of
the category and then the probabilities for each possible changes are derived (Table 7).
The transition probabilities from 1971 to 1999 are used in the model. The model uses
3,025 cells using different land use coefficients for four landuse types. Each cell has
size of 100m x 100m. Subwatershed and matrix box boundaries as well as land use
vector shape file are converted to a grid format with the cell size of 100 m. To indicate a
subwatershed and modeling matrix boundaries, the ASCII file is created from grid
where all cells that are within the subwatershed boundary have the value “1”, and the
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rest - “0”. The DEM cell size is changed from 30 to 100 meters with spatial analyst tool
and clipped to the subwatershed boundary. Aspect and aspect length are derived from
the DEM (100 m). The resulting grids are exported to ASCII format and further used as
comma delimited tables as the initial values in the model and for calculating of the
required parameters for each of 3,025 cells. To explain the soil loss in different
scenarios, the Revised Universal Soil Loss Equation (RUSLE, 1998) is used in the
model. Modeling land use processes requires capturing the neighbor relationship
between spatial patches: the model needs to know the land uses in neighboring patches
in order to determine if a particular patch is likely to change from one land use type to
another.
The model is illustrated as three types of objects (Patch, Land Transition, and
Neighborhood).
1. PATCH
The Patch object is a fixed-membership, multiple-instance submodel, and
represents each landuse patch with dimensions [55x55]. Each cell has row and column
attributes, representing the spatial location of the patch.
2. LAND USE, SOIL LOSS AND RUNOFF
The Land Use, Soil Loss and Runoff submodels are contained inside the patch
submodel. Each patch contains a state variable which defines the state it starts off in,
which is 1 for Agriculture, 2 for Forest, 3 for Urban, 4 for Other. The Land use
submodel is presented by association of two major land use drivers: transition
probabilities and spatial neighborhood influence. The Soil Loss is in Figure 19 and
modeled using the Revised Universal Soil Loss Equation (RUSLE, 1998). The Runoff
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submodel is created using the Curve Number Method (US Soil Conservation Service
(SCS), 1972) (Figure 20).
3. NEIGHBORHOOD (SPATIAL INFLUENCE)
The Submodel NEIGHBOURHOOD is an association submodel between
PATCH and itself with roles Current and Neighbor_Cell, it defines a relationship
between any two patches. Two arrows labeled (Current and Neighbor Cell), pointing
from the PATCH submodel to the NEIGHBORHOOD submodel define association
between patches pointing from the PATCH submodel to the NEIGHBORHOOD
submodel. This is a conditional submodel and indicates that a condition element is
placed inside a submodel. In fact, the conditions are developed so that each patch
contains only one of the land use types: Agriculture (A), Forest (F), Urban (U), or Other
(O), not all of them together. Each patch contains a state variable, which defines the
initial state (Figure 14).

2.4.2.3.2 Cell Model
Individual patches can switch from one state to other (Figure 10) depending on
various factors including the current transition state and the nature of neighboring
patches. Patch types are represented in a state variable and it switches its value based on
incoming land type.
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Figure 10: Patch types represented in a state variable
The equations (9, 10) used in the model defining Input and Output in the
example of the Agricultural land use type are presented in the Figure 11.
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Flow A_In
A_In = if T_A_to_A==0 then T_F_to_A+T_U_to_A+T_O_to_A else 0
Where:
T_F_to_A=T_F to A
T_U_to_A=T_U to A
T_O_to_A=T_O to A
T_A_to_A=T_A to A
Minimum = 0, Maximum = 1

(9)

Flow A_Out
A_Out = if T_A_to_A==0 and A>=1 then T_A_to_F+T_A_to_U+T_A_to_O else 0
Where:
T_A_to_F=T_A to F
T_A_to_U=T_A to U
T_A_to_O=T_A to O
T_A_to_A=T_A to A
Minimum = 0, Maximum = 1

(10)

Figure 11: Input and output equations for agriculture compartment
To calculate the input flow the following condition needs to be evaluated. If
transport from A to A evaluates to "zero" then the input flow is calculated as the sum of
all possible transports, else it returns "zero".

2.4.2.3.3 Transitions
Processing of transitions is modeled as presented in Figure 12. The temporal
dynamics is evaluated using transition probabilities that are derived from a time-series
of land use in the study area (MassGIS). The transition probabilities are incorporated
into the transition matrix to perform the MCMC (Monte Carlo Markov Chain) analysis.
The spatial dynamics is modeled through cellular interaction between contiguous
neighboring cells. Transition probability of each state defines the change in land use
types in a patch.
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Figure 12: Processing of transitions
The equations used in the model to represent transition from one state to another
are presented in the Figure 13.

46

Variable T_A to A
T_A to A = if r<=PAgToAg or SP_A>=0.5 then 1 else 0
Where:
PAgToAg=../P_A to A

(11)

Variable T_A to F
T_A to F = if PAgToAg<r and r<=PAgToFo+PAgToAg or SP_F>=0.5 then 1 else 0
Where:
PAgToAg=../P_A to A
PAgToFo=../P_A to F

(12)

Variable T_A to O
T_A to O = if PAgToAg+PAgToFo+PAgToUr<r and
r<=PAgToAg+PAgToFo+PAgToUr+P_A_to_O or SP_O>=0.5 then 1 else 0
Where:
P_A_to_O=../P_A to O
PAgToFo=../P_A to F
PAgToAg=../P_A to A
PAgToUr=../P_A to U

(13)

Variable T_A to U
T_A to U = if PAgToAg+PAgToFo<r and r<=PAgToAg+PAgToUr+PAgToFo or
SP_U>=0.5 then 1 else 0
Where:
PAgToFo=../P_A to F
PAgToAg=../P_A to A
PAgToUr=../P_A to U

(14)

Figure 13: Transitions equations for agriculture compartment
The T_A to A variable can be set to (can except) either 1 or 0. If the probability
of land use transport from Ag to Ag is greater than or equals to the random variable, or
the spatial driver SP_A is greater than or equals to 0.5, the T_A to A is set to "one".
Else, it is set to nothing ("zero").

2.4.2.3.4 Neighborhood
Individual units of land (patches) can switch from one state to the other,
depending on various factors in the current state and in the neighboring patch. The
assessment is conducted to explore the change of four land use types over 100 years.
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Figure 14: Neighborhood submodel
Submodel NEIGHBOURHOOD is an association submodel between PATCH
and itself with roles Current and Neighbor_Cell (Figure 15).
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Condition ?
condition = not (row_Current_0==row_Neighbor_Cell)and not
(column_Current_0==column_Neighbor_Cell)and abs(column_Current_0column_Neighbor_Cell)<1.5 and abs(row_Current_0-row_Neighbor_Cell)<1.5
Where:
row_Current_0=../PATCH/row (from "PATCH" in "Current")
row_Neighbor_Cell=../PATCH/row (from "PATCH" in "Neighbor_Cell")
column_Current_0=../PATCH/column (from "PATCH" in "Current")
column_Neighbor_Cell=../PATCH/column (from "PATCH" in "Neighbor_Cell")

(15)

Variable A_Neighbor
A_Neighbor = if A_Current>0 then 1 else 0
Where:
A_Current=../PATCH/A (from "PATCH" in "Current")
A_Neighbor_Cell=../PATCH/A (from "PATCH" in "Neighbor_Cell")

(16)

Figure 15: Neighborhood condition
These are conditional equations and they specify that a condition element is
placed inside a submodel to indicate that the existence of the submodel depends on a
specific condition.

2.4.2.3.5 Soil Loss
To explain the soil loss in different scenarios The Revised Universal Soil Loss
Equation (RUSLE, 1998) is used in the model. The Revised Universal Soil Loss
Equation is formulated as: R*K*LS*C*P = S where S - the soil loss in tons per acre, R
is the rainfall factor, K is the soil erodibility factor, LS is the land segment width and
slope factor, C is the cropping factor, and the P is the support practice factor. The R and
C factors are derived from RUSLE2 software (Revised Universal Soil Loss Equation,
Renard, et al. 1987).
LS factor was calculated as follows:
LS = [0.065 + 0.0456(slope) + 0.006541(slope)2] x (slope_length ÷ const)NN
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(17)

Where, slope = slope steepness (%), slope length = length of slope (ft.), and
constant = 72.5. The NN value varies from 0.2 to 0.5 as the Slope changes. The NN
value equals 0.2 if the slope less than 1. If the Slope is more or equal to 1 but less than 3
than the NN value equals 0.3. If the Slope is more or equals to 3 but less than 5 than the
NN value equals 0.4. The NN value equals 0.5 when the Slope is more or equals 5.
The DEM is used to derive slope and slope aspect using BASINS software
(Figures 16, 17). These data are later transformed into ASCII files to calculate the LS
factor for equation (1). The results are presented as a table with LS factor values for
each 3025 cells in the study area.

Figure 16: Slope derived from ArcView 3.3

Figure 17: Aspect derived from ArcView 3.3
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The K-factor is derived from BASINS as a “kkfact” value from the attribute
table and then clipped to the area of interest (Figure 18).

Figure 18: Soils Factor derived from BASINS
The following equation was used in the model to define the C value:
if A==1 then 0.45 elseif F==1 then 0.01 elseif U==1 then 0.15 else 0

(18)

Where 0.45; 1; 0.01; 0 are C values for the agricultural, forest, urban, and other
land use types accordingly. The P value is used as 1 for the initial run of the model, and
the R value is used as 135.
A submodel for the Soil Loss calculation is presented in the Figure 19.

Figure 19: Soil Loss submodel created in SIMILE
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2.4.2.3.6 Runoff
The Runoff Curve Number method is used to determine the runoff. The curve
number (CN) method estimates direct surface runoff from given amount of rainfall.
This method incorporates soil’s permeability, land use, and soil moisture.
The following equation was used to calculate runoff in the model:

Q=

( Pt − 0.2St ) 2
( Pt + 0.8St )

(20)

1000
− 10
CN

(21)

St =

Where, Q is Runoff, Pt – Precipitation, St – Potential maximum retention after
runoff begins, and CN – Curve Number. CN has a range from 30 to 100; lower numbers
indicate low runoff potential while larger numbers are for increasing runoff potential.
The parameter CN is a transformation of St and it is used to make interpolating,
averaging, and weighting operations more linear (21). The runoff submodel is presented
in the Figure 20.

Figure 20: Runoff submodel created in SIMILE
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2.4.2.3.7 Spatial distribution
The results are displayed within the Model Run Environment (MRE). The
single-window MRE provides user-friendly, self-contained access to all the controls
needed to perform a simulation and to display the results either as graphs or spatial
distribution windows.
The temporal dynamics was evaluated using a time-series of land use to derive
transition probabilities. The transition probabilities were incorporated into the transition
matrix to perform the MCMC (Monte Carlo Markov Chain) analysis. The spatial
dynamics was assessed using a cellular interaction at contiguous neighborhood cells.
These dimensions were modeled in System Dynamics and object-based modeling and
simulation software SIMILE (Simulistic, 2003). The modeling was performed using the
model interface of the SIMILE software for 3,025 cells. Each cell was modeled in state
space to study the dynamics of shift in land use. Simulation began with a model of the
present conditions within the subwatershed and surrounding areas. The baseline results
show the presumed present conditions within the Blackstone river subwatershed.
The area of interest is located in the middle of the watershed and is at the
intersection of the four towns: Uxbridge, Northbridge, Sutton, Douglas. Land use data
for 37-category landuse code for 1999 available from MassGIS were reclassified into
four major land use types: Agriculture, Forest, Urban, and Other. The baseline land use
data for four land use types were exported into ASCII file to be used as initial value for
the modeling.
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2.5 RESULTS AND DISCUSSION

Overview
This section discusses results of the watershed dynamic analysis. At the
beginning, the results of the preliminary study are presented, followed by the discussion
of the spatial dynamic model. Results of modeling and spatial analysis of the model are
presented and described individually according to the research questions. Finally,
implications for land use and management are presented.

2.5.1 Preliminary study
In this analysis, the system interaction and role of the land use change drivers
are evaluated. The preliminary analysis tests the model relationships under hypothetical
conditions to examine interrelationships among the land use types and study potential
changes.
The baseline results of the preliminary model show the system under the
presumed conditions of the dynamic model. The assessment explores the temporal
change of three land use types over a span of 100 years and is presented in Figure 21.
This preliminary interpretation of urban land use change shows urban growth over 100
years and reveals problems of urban sprawl and loss of natural vegetation. Results show
that the increase in urban land use in the watershed is associated with the decline in
agricultural and forest land. The Figure shows the extent of urban land along with
decline in agricultural and forest land as urban land increases.
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Figure 21: Land use change in the preliminary model

The relationship of each land use change and spatial influence is presented in the
Figures 22. It is observed that the potential for development of a particular land use is
more likely when it has similar land use in contiguity around it. Consequently, within
one land use type (e.g. Forest, Figure 22A) for different cells (1,1), (2,3), (3,4), and
(4,2) land use change graph represents different results run over 5 years. Similar spatial
influence for the cells (1,1), (2,3), (3,4), and (4,2) can be seen for urban land use type
(Figure 22B).
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Preliminary results:

A. Forest Cover

B. Urban cover
Figure22: Spatial influence in selected cells

The overall preliminary results show that a continued increase in urban land use
is associated with rapid decrease in agricultural area. Forest cover had a slight decline
over the simulation period. It is indicative that urbanization could become a serious
problem in the future. The results emphasize the need to protect agricultural area in
rapidly changing watersheds.
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2.5.2 Spatial Temporal Model Results
The spatial distribution of land use in the study watershed is presented in Figure
23. The land within the study area of the Blackstone River watershed is predominately
forested (46 percent) and distributed almost evenly throughout the basin. The next
largest land-use is urban (34 percent) which is located mostly in the middle part,
followed by agricultural land (12 percent) in the southeast portion, and remaining 8
percent of the study area is in the Other land use category and located mostly in the
western part of the study area. Figure 24 represents the distribution of soils (MUID) as
well as soil texture over the study area. There are three muid soil classes for the study
area: MA007, MA014, and MA015.

Figure 23: Baseline land use distribution

57

Figure 24: Soils distribution

The soils texture in the study area is composed of: Fine Sandy Loam (FSL),
28%; Gravelly Loamy Sand (GR-LS), 33%; Very Stony Fine Sandy Loam (STV-FSL),
39%. The northern part of the subwatershed has a soil texture of the GR-LS type, while
the South end, the South-East, and the North-East parts of the watershed have mostly a
texture of STV-FSL type. The west side as well as Northwest and Southwest of the
watershed are generally composed of FSL textured soils. All three types of soils texture
are spatially distributed over the central part of the watershed.
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A. Agriculture

B. Forest

C. Urban

D. Other

Figure 25: Spatial distribution of land uses

The initial state of land use distribution is presented in Figure 25. They are
presented as panels (A to D) for each land use type. The spatial location of agricultural
land use is mostly on the north-west side of the watershed. It also has large contiguous
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and connected parcels going from the west end to the south of the watershed. There is a
small group of the parcels located in the north of the subwatershed and several
separated patches in the central part of the subwatershed. Agricultural land across the
watershed boundary mostly affects the subwatershed from the west. Forested land is
evenly distributed in the watershed with less density in the southern end of the
watershed. The initial distribution of forest land is characterized by large connected and
contiguous parcels. In the modeling matrix (Figure 23), outside the boundary of the
subwatershed, agricultural land use type is also defined by large connected cells in the
north side and a number of contiguous parcels in the south. Urban Land Use is evenly
distributed throughout the watershed with concentration on the east side. Urban Land
Use distribution for the type in the watershed is basically large contiguous connected
parcels with several disconnected cells in the central part of the watershed. Within the
study matrix (Figure 23), outside the watershed boundary, Urban Land Use is focused
mostly in the southwest of the watershed. Other type of land Use type is mostly located
in the north and northeastern side of the watershed. Most of the parcels are connected
and contiguous. The land use distribution of all types as simulated is presented in Figure
26. This a combined land use for the study area and explains what is the major land use
type and shows the spatial mix of the land use distribution over the study area.
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Figure 26: Simulated state of initial land use

SOIL LOSS

Figure 27: Simulated baseline soil loss

The distribution of initial soil loss areas in the watershed is mapped in Figure
27. High soil loss areas are located along the north-west part of the modeling matrix
and there is also a long stripe of parcels with high soil loss located from west to south.
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A lower soil loss is observed in the central area of the watershed. This distribution can
be explained with land use types where highest soil loss is associated with agriculture
and urban areas, while forested areas had lower soil loss.

RUNOFF

Figure 28: Simulated runoff

The initial runoff simulated by means of curve number method is presented in
Figure 28. High runoff areas are located in north and northeast of the watershed and
these areas are large, contiguous, and connected. The less intense runoff areas are
mostly in the central and south parts of the subwatershed. Runoff is associated with land
uses so that the highest runoff areas are associated with Urban and Agriculture types
and the lowest runoff areas with the Forest type.
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After 25 years of simulation

After 50 years of simulation

After 100 years of simulation
Figure 29: Simulated agriculture land use at varying time steps

Under baseline conditions, the results show a slight increase in agricultural
parcels in the central part of the watershed after 50 years of simulation and a tendency
for parcels to agglomerate in the south and southeast areas after 100 years of simulation.
This is contrast with even distribution after 25 years of simulation (Figure 29).
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After 25 years of simulation

After 50 years of simulation

After 100 years of simulation
Figure 30: Simulated forest land use change at varying time steps
A comparison of the forest land use distribution shows that large contiguous
parcels that are observed in the central and south parts of the subwatershed after 25
years of simulation are disappearing and disperse over the years. It is observed that the
forest land is fragmenting and declining in all areas of the watershed (Figure 30). The
relatively low levels of parcels are accumulating in the northwest and eastern areas,
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which may indicate that forests are replaced by urban areas. These are also heavily
urbanized areas in the east portion of the watershed.

After 25 years of simulation

After 50 years of simulation

After 100 years of simulation
Figure 31: Simulated urban land use change at varying time steps

A close correspondence is seen between increasing values of the large
contiguous and connected parcels and the years of the simulation (Figure 31). This has a
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remarkable pattern of rapid urbanization. Spatial distribution in relation to the
watershed boundary has a tendency to move or disperse from the east portion to the
central part and all over the watershed. Urban expansion is on its primary stage in over
100 years and occupies almost the total area of interest.

After 25 years of simulation

After 50 years of simulation

After 100 years of simulation
Figure 32: Simulated other land use change at varying time steps
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Figure 32 shows the simulated land use under “other” type over 100 years.
There is no significant change in the parcels distribution after 25, 50, and 100 years.
This can be explained by the fact that this category is mostly presented by water
resources.

After 25 years

After 50 years

After 100 years
Figure 33: Total land use distribution at varying time steps
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The total land use distribution of all land use types during the simulation period
is presented in Figure 33. Spatial distribution of parcels with different shades of gray
depicts different land use types from white for Agriculture to black for Other. It is a mix
of all land types that are presented in the study area and gives a good picture of how the
land uses are concentrated in the different portions of the watershed over different
simulation periods.

Figure 34: Total land use change over time

In Figure 34, the overall simulated land use change over 100 years is presented
in the form of graph. The graph indicates that in comparison with the beginning period
of time the results tend to increase during the modeling period for Urban land use type
and decrease for the Agriculture. There is a slight decline in the Forest land use type
and almost no changes in the Other land use distribution over time.
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After 25 years of simulation

After 50 years of simulation

After 100 years of simulation
Figure 35: Simulated soil loss

The spatial distribution of Soil Loss parcels over 100 years not at a high scale
(Figure 35). At the same time it can be observed that the soil loss expands from the
middle section of the study area to the north and south sections over the simulation
period. These are also the most heavily urbanized areas of the subwatershed, especially
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in the central portion of the study area near the southeast boundary. Figure 36 presents
total soil loss over period of simulation.

Figure 36: Simulated total soil loss
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After 25 years of simulation

After 50 years of simulation

After 100 years of simulation
Figure 37: Surface runoff over years

The runoff over the simulation period is shown in the Figure 37. It shows runoff
values at 25, 50 and 100 years of the simulation and can be compared to the baseline
scenario. Runoff is highly correlated with land use types and is characterized by the
distribution of large contiguous parcels throughout the subwatershed area with the
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heaviest groups in the central section as well as in the east, northwest and southwest
parts of the watershed. It is associated with the urbanization process that has similar
pattern of distribution.

Figure 38: Simulated total runoff
The total runoff is presented in the Figure 38. The results show a slight increase
in runoff volume over time and are associated with increase in urban land.
It is observed that the increase in urban land use in the watershed is associated with
decline in agricultural and forest areas
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Land Use Distribution:
The baseline land use distribution within the subwatershed area is presented in
the Table 1.
Table 1: Baseline land use distribution in the study watershed
LU CODE
1
2
3
4
5
6
7
8
10
11
12
13
15
16
17
18
19
20
24
26
31
32
34
35

SUBWATERSHED
ACREAGE PERCENTAGE
200.8219
5.47%
Cropland
11.81091
0.32%
Pasture
1748.238
47.63%
Forest
64.69378
1.76%
Wetland
9.12223
0.25%
Mining
86.00568
2.34%
Open Land
0.32%
Participat. Recreation 11.89526
3.14237
0.09%
Spectator Recreation
CATEGORY

Residential
Residential
Residential
Residential
Commercial
Industrial
Urban Open
Transportation
Waste Disposal
Water
Powerlines
Golf
Urban public
Transportat. facilities
Cemeteries
Orchard
Total:
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30.45354
21.34367
801.7991
670.7203
38.08854
22.80486
11.69728
107.8248
6.18136
95.6605
47.78944
62.82735
13.29015
10.84785

0.83%
0.58%
21.84%
18.27%
1.04%
0.62%
0.32%
2.94%
0.17%
2.61%
1.30%
1.71%
0.36%
0.30%

21.23429
0
3670.491

0.58%
0.00%
100.00%

2.5.3 Policy implications and best management practices (BMPs):
Nonpoint source reductions can be achieved through the implementation of
management measures that can reduce loads by integrating appropriate land use policies
and BMPs. The relation of topography and land use is important in understanding of
nutrients occurrence. Land use BMPs provide important opportunities to reduce
pollutants in runoff by integrating water quality concerns into the application of land
use practices. The use of BMPs represents one of the most effective pollution
prevention practices. Nutrients concentrations in stream base flow are unlikely to
change quickly in response to land-management practices. It may take years for some
ground water to reach streams. The ground water under the agricultural land contains
contaminants from the agricultural land use, but contaminants may be absorbed by
vegetation or diluted as the water passes under the forested areas on the way to the
stream (USGS, 1998).
Best Management Practice can control effectively movement of pollutants,
prevents degradation of soil and water resources, and is compatible with the land use.
BMPs could include an array of practices to increase water infiltration that could be
applied to agricultural areas, residential development, industrial sites, and constructions.
Agricultural runoff contains pollutants including nutrients, sediment, animal wastes,
salts, and pesticides. Many practices can be used to control runoff and reduce the
erosion and transport of sediment from agricultural fields (USEPA, 2006).
BMPs to reduce agricultural and urban impacts may include vegetative
management practices such as conservation tillage, contour farming, strip cropping,
filter strips, vegetated field borders, shoreline revegetation, shoreline stabilization,
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cover crops, crop rotation, pasture management, urban forestry and urban practices such
as porous pavement and water quality inlets. They may also consist of different
structural practices such as water and sediment control basins, roof water collection
devices, tree filter strips, terraces, diversions, grassed waterways, woodland fencing and
wetland development.
The three hypotheses of the study are confirmed at least to a certain degree:
spatial and temporal changes in land use have significant effects on the water quantity
in a watershed ecosystem; the nature of spatial patterns in water quality in a watershed
are influenced by temporal transitions and spatial influences; dynamic modeling is
superior to static models of land use change in watersheds.

2.6 CONCLUSIONS
Urbanization and human population tends to grow and place demands on natural
resources. Human activities can have a dramatic impact on water resources in the
Blackstone River watershed. Management of these resources and land areas is important
for maintaining natural resources. With continued urban growth policies in management
is necessary for wise use of the watershed resources. Dynamic simulation modeling is
used to simulate changes that may occur to a subwatershed in Blackstone river
watershed.
This research simulates both the dynamic and spatial behavior of the watershed
system, and models important subwatershed level variables in the system, such as land
use types, soil loss levels, runoff volumes. Dynamic modeling is used to study system
variability in space and time. The model is run over 100 years. The simulation model is
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designed to assess potential land use change, specifically to address questions about
how the ecosystem responds to the changes at a subwatershed scale. The model is
object-based and modular to represent Patch, Neighborhood, and Soil Loss and Runoff.
Four major land-use types are evaluated in two critical dimensions—time and space.
The land-use is determined by environmental factors such as soil characteristics,
climate, topography, and vegetation to understand past changes in land use and project
future land-use trajectories.
The overall results show that land use modeling requires improved knowledge
of the factors that determine land use change. Spatial and temporal changes in land use
have significant effects on a watershed ecosystem. The nature of spatial patterns is
influenced by temporal transitions and spatial influences. Understanding the past and
future impacts of changes in land cover is central to the study of land use change
impacts on watershed system components. The modeling results show that the increase
in urban land use in the watershed is associated with the decline in agricultural and
forest land and urbanization could become a serious problem in the future. The results
emphasize the need to protect agricultural area in rapidly changing watersheds. The
highest soil loss is associated with agriculture and urban areas, while forested areas had
lower soil loss: the highest runoff areas are associated with urban and agriculture types
and the low runoff areas with forest type. There is the evidence that highest runoff and
soil loss areas are associated with agriculture and urban land use. This problem can be
related to a weak land use planning regulations where land use policies reforms can be
required. There is also the need to implement planning regulations to limit adverse
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environmental impacts of urban expansion. The overall results show that neighborhood
interactions and spatial policy are important spatial drivers of land use change.
The relation of topography and land use is important in understanding of water
quality. The land use BMPs are an important opportunity to reduce pollutants in runoff
by using an effective planning process to integrate water quality concerns into the
development and redevelopment of land use processes.
This study develops a methodology that integrates modeling and analytical
procedures in the land use change prediction at a subwatershed scale. The calibration
and validation of the simulation model is used to minimize errors from parameters
measurements and developed equations specified for a system. They can minimize
errors. The conceptual limitations of the model are that the number of patches that can
be processed in the model is limited to a certain amount. The further development of the
model makes it possible to include variables to calculate fragmentation and
undeveloped land. Further extensions of this research could also focus on testing
different policies and best management practices. More research is also needed in the
area of how to determine the most effective policies and practices for the minimizing
negative effects of the watershed impairment in regard to land use change.
This thesis adds new knowledge to watershed literature through assessment of
impacts of land use changes on the watershed’s landscape. It also helps provide a
method that allows for a spatial dynamic analysis of a land use change and assessment
of spatial interactions at a subwatershed scale. Watershed ecosystem components and
the dynamic nature of interactions in a watershed ecosystem is a focus of this study.
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CHAPTER 3

WATER QUALITY IN WATERSHED SYSTEMS

3.1 INTRODUCTION
Water quality is a term used to describe the chemical, physical, and biological
characteristics of water, usually in respect to its suitability for a particular purpose
(USGS, 2005). Many areas have water contaminated by natural or artificial sources.
These contaminations may cause health problems, damage plumbing, or make the water
unattractive due to appearance, taste, or odor. Water-related problems are a big issue
today, partly due to the incredible growth of the population and urban expansion. Rural
areas can also contribute to water-quality problems by putting stress on water resources
and degrading water by increased introduction of nutrients and polluted runoff from
farms into streams and lakes.
Predicting land use change will help determine the possible future nutrient and
sediment load reductions needed to obtain a particular water quality standard. Assessing
watershed tradeoffs through system simulation helps to examine the tradeoffs among
nutrient and sediment load reductions to achieve the water quality objective. Modeling
the dynamics of a watershed ecosystem is important to examine the watershed response
to human activities. Water quality, flow regime, energy flows, and ecological
interactions of watersheds are basically the result of interactions between system
components. Soil, topography, hydrography, and patterns of land cover are influenced
by human activities in the watershed. Spatial and temporal modeling allows one to
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evaluate system dynamics of watersheds and provide insight into their complexity and
relationships among particular components. Projections of land use and land cover
change can provide an understanding of possible future consequences of watershed
changes on human and natural systems and interactions within a watershed system. To
study these aspects, there is a need for dynamic modeling that can incorporate the
processes of land use at a range of time and space scales. Key ecological principles for
land use and its management deal with time, species, place, disturbance, and the
landscape (Bagg and Ryan, 2000). Evaluation of the factor dynamics on emerging landuse change, and assessment of tradeoffs in water quality and quantity parameters at a
watershed scale are critical in development of appropriate approaches and policies
toward water quality. A study of the complex interactions between development
decisions and ecosystems will help better understand system dynamics and assessment
of policy.
Evaluation of the environmental consequences of these decisions will also
provide an understanding of the impact of private choices and public policies on
landscape structure and function. A watershed-based strategy (USEPA, 1996) is
appropriate in comprehensive assessment and management of natural resources
(Randhir and Genge, 2005). This strategy has an initial context that many water quality
and ecosystem problems are best solved at the watershed level rather than at the
discharger level or for an individual water body. There is also a need for enhanced landuse and watershed data to explain changes in water quality and living resources and
improve decision support systems to manage watersheds practices.
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To protect watershed resources, an integrated, resource-based modeling and
management approach is necessary. This study focuses on understanding how land-use
change emerges as a result of multiple factors and the implications of that change on
watershed dynamics, especially tradeoffs in water quantity and quality. This research is
also needed to develop new modeling approaches that fill gaps in the set of existing of
models available in using forecasting and simulation models to predict emergence of
watershed tradeoffs. Development of a quantitative model for assessing and predicting
long-term impacts of land use change on water yield and water quality at a watershed
scale is the main focus of this study.

3. 1.1 Objectives:
Specific objectives of the study are to:
(i) evaluate tradeoffs in water quantity and quality attributes for varying land use
scenarios; and
(ii) identify strategies that use spatial-temporal, dynamic and tradeoff information to
protect the watershed ecosystem.

3. 1.2 Hypotheses:
Hypotheses that are formulated for this study include: (i) there exist significant
tradeoffs among water attributes in a watershed; and (ii) there exist opportunities in
improve watershed systems through spatially targeted and practices.
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3.2. LITERATURE REVIEW
This section presents the background on literature related to this analysis. Four
topics are covered in this section. The first topic focuses on basic studies on this
problem. The second topic reviews literature on tradeoffs among watershed attributes.
The next topic focuses on natural attenuation of sediments, phosphorus, and nitrogen,
followed by a scenario of hydrological modeling of watershed systems.

3.2.1 Background
Patterns in land use, land-cover change, and land management are formed by the
interaction of economic, environmental, social, political, and technological forces.
These drivers can have considerable effects on future land use and cover (Abbott et al.,
2003).
The ability to understand the patterns will allow better planning of land use and
will aid in minimizing negative impacts on the environment, especially on water
quality. Water purification is one of the numerous services provided by watershed
ecosystems. Different pollutants such as metals, excess nutrients, and sediment are
treated and filtered out as water moves through forests, wetland areas, and riparian
zones. This purification process provides clean drinking water that is suitable for human
and industrial uses, as well as for wildlife habitat and recreational purposes. Natural
water purification is dependent on filtration and absorption by soil particles and living
organisms in the water and soil. Human activities can deplete water quality by altering
and degrading this natural purification and accelerate moving of unfiltered water
through the system (USEPA, 2000).
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Natural attenuation currently is used at several contaminated sites in the U.S.,
often in place of or in conjunction with engineered remediation systems (USEPA,
1997). The National Research Council (NRC, 1993) reported that biologically mediated
natural processes could thwart the migration of contaminants without human
interference other than careful monitoring. This approach, named as “intrinsic
bioremediation”, is defined as using “the innate capabilities of naturally occurring
microbes to degrade contaminants without taking any engineering steps to enhance the
process” (NRCS, 1999).
“Dynamic modeling is a process of scientific thinking and extending our
knowledge, aided by a machine. It allows one to formulate and revise scientific
hypotheses and theories using logic and evidence” (Hannon, 2003). Resources,
ecosystems, and land cover go through changes over time. Spatially explicit simulation
models can provide testable hypotheses about landscape development under several
scenarios. Simulation modeling also allows the researcher to assess the system
dynamics of a watershed and provides insight into its complexity, structure and
functions.

3.2.2 Watershed Land Use Change and Impacts on Water Quality
As population increases there is an increasing demand bigger need for resources.
Driven by this demand, Watersheds are developed and changed into different land use
types: urban, industrial, and agricultural. This land use changes satisfy human needs for
housing and food production. Watersheds occur in different scales and defined as
drainage area over which sediments, nutrients, pesticides and other chemicals are

82

transferred in a waterbody such as a lake, river, or ocean. Human land use activity can
put the water supply under pressure and alter the natural water filter capacity. A crucial
factor in watershed dynamics is the change in hydrograph, especially the speed of
rainfall runoff. A vegetated area has a slower runoff movement than a barren area. This
is important while assessing impacts of land use practices, such as converting forestland
to agriculture or to urban areas. Sedimentation is one of the main water quality issues
and affects drinking water supply to local communities. Rapid water flow from
impervious areas washes more sediment into water bodies. Runoff from agricultural
land also carries excessive nutrients, such as nitrogen and phosphorus, that are
discharge into ocean waters causing eutrophication and fish kills due to low levels of
oxygen in water (Worrall and Burt, 1999).
This section of the literature review chapter reviews impacts of land use
management and land use change. There are several research studies on the impacts and
consequences of land use on water quality, nutrients, pesticides and heavy metals water
quality issues. The main purpose of these analyses is to asses and raise awareness on
water management issues and to find solutions for problems facing watersheds.
There are several water quality components that are crucial to the survived
habitat and critical to the quality of water resources: temperature, dissolved oxygen, pH,
total suspended solids, nutrients, and heavy metals. Different land use and management
practices degrade water quality in watersheds. In addition, there is continuing concern
over the potential impact of extensive application of nutrients and pesticides on groundand surface-water quality (USEPA, 2004).
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Puckett and Hughes (2005) investigated the transport and fate of nitrate and
pesticides in a shallow aquifer and adjacent stream in South Carolina. Pesticides and its
degradate forms were founded in ground water with largest concentrations directly
below and down gradient from the corn field where they were applied. Concentrations
of NO–3 in ground water decreased with increasing depth and age. However,
denitrification was not a dominant controlling factor. Ground water had its greatest
influence on surface water chemistry during low-flow periods. These periods produced
a decline in concentrations of Cl–, NO–3, pesticides, and pesticide degradates. On the
other hand, shallow subsurface drainage dominates stream chemistry during high-flow
periods and provided increasing stream concentrations of Cl–, NO–3, pesticides, and
pesticide degradates. These results point to the importance of understanding the
hydrogeologic background when investigating transport and outcome of contaminants in
ground water and surface water.
Miller et al. (2003) compared runoff quantity (1998–2002) with catch-basin
design criteria. They also determined concentrations of selected inorganic chemical
parameters (1998–2000) in runoff relative to water quality guiding principle and the
potential implications of irrigating adjacent cropland from beef cattle (Bos taurus)
feedlots in Southern Alberta, Canada. They found that runoff curve numbers between
52 and 96 (mode of 90) were required to match the USDA Natural Resources
Conservation Service predicted runoff and actual runoff volumes. The researches
estimated that total P posed the greatest threat to water quality guidelines.
Vellidis et al. (2002) determined the water quality effect of a restored forested
riparian wetland adjacent to a manure application area and a heavily fertilized pasture in
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the Georgia Coastal Plain. The buffer system was managed based on USDA
recommendations and averaged 38 m in width. Water quality and hydrology data were
collected from 1991–1999. The researchers observed that water and nutrient mass
balance showed that retention and removal rates for nitrogen species ranged from a high
of 78% for nitrate to a low of 52% for ammonium. Denitrification accounted for most of
the N retention and removal in the buffer system.
Galhoun et al. (2002) investigated the relationship between the Maumee and
Sandusky River Basins of Northwestern Ohio. The authors point out that soil variability
in watersheds accounts for the problem of partitioning downstream water quality and
evaluating sources of nonpoint pollution. The approach used in this paper was to
establish data from these two largest watersheds and then compare them on a unit area,
export basis with data from intermediate-sized and smaller watersheds. General
relationships between pollutant levels at the river mouth and upstream soil conditions
are indefinite and differ at the large-watershed scale. They underline that with smaller
watersheds, it can be determined that soil texture, slope, and internal drainage are major
factors influencing pollutant transport.
Randall and Mulla (2000) studied nitrate nitrogen in surface waters as
influenced by climatic conditions and agricultural practices. Subsurface drainage from
row-crop agricultural production systems has been recognized as a major source of
nitrate entering the surface waters of Mississippi River basin. They authors point out
that uncontrollable factors such as precipitation and mineralization of soil organic matter
have a great effect on drainage losses, nitrate concentrations, and nitrate loadings in
subsurface drainage water. The researchers emphasize that cropping system and nutrient

85

management inputs are controllable factors that have an unstable control on nitrate
losses. They observe that improving nitrogen management by applying the correct
dosage of N at the optimum time can lead to reduced nitrate losses.
Andraski and Bundy (2002) studied the relationship between phosphorus levels
in soil and runoff from corn production systems. Runoff enriched with phosphorus from
cropland can accelerate eutrophication of surface waters. Long-term fertilization is one
of several potential sources of increased P losses in runoff from agricultural systems. In
this research, the scientists conducted several field experiments at locations representing
three major soil regions in Wisconsin. They aimed to determine the effect of tillage and
soil P extraction method on the relationship between soil test P level and P
concentrations in the runoff. Runoff from simulated rainfall (75 mm) was collected from
0.83-m2 areas for 1 h after rainfall initiation and analyzed for dissolved phosphorus
(DP), total phosphorus, and sediment. For most of the tests and sampling depths used in
213 observations across a variety of soils and managements, there were good
relationships between soil test P level and DP concentration in runoff.
Hayakawa et al. (2006) evaluated stream water quality through land use analysis
in two grassland catchments. The scientists investigated the impact of wetlands on
stream nitrogen concentration in two grassland-dominated catchments in eastern
Hokkaido, Japan. They analyzed the effect of the land use types in drainage basins,
measuring denitrification potential of soils, and water sampling in all seasons of 2003.
Results showed a highly significant positive correlation between the concentration of
stream NO3–N and the amount of upland area in drainage basins in both catchments.
They determined that the solubility of soil organic carbon (SOC) and soil moisture
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tended to resolve the denitrification potential. The results indicate that the water
environment within the catchments which influences the denitrification potential and
could have caused the difference in stream water quality between the two catchments.
Murray et al. (2003) studied heavy metals in an urban watershed in Southeastern
Michigan. The occurrence of heavy metals in the soil was measured over a period of
several years. They estimated and determined background concentrations in a heavily
urbanized watershed in southeastern Michigan. A spatially dispersed sample was
collected to capture the natural variability of the soils and historic land use. The analysis
focused on 14 metals: antimony, arsenic, barium, beryllium, cadmium, chromium,
copper, lead, mercury, nickel, selenium, silver, thallium, and zinc, which are listed by
USEPA as 129 most common pollutants. Metal concentrations were measured at three
depths: near-surface, shallow subsurface and depths greater than 10 m. Additional
analyses were conducted to assess the metal concentrations in each depth outline across
three general land use categories: residential, commercial, and industrial. Statistically
significant differences in the concentrations of heavy metals were found between the
land use categories and different depth levels.

3.2.3 Tradeoffs of Watershed Contaminants
The Clean Water Act (CWA) is the basis of surface water quality protection in
the United States governing water pollution. The law applies a variety of regulatory and
nonregulatory tools to reduce direct pollutant discharges into waterways and control
polluted runoff (USEPA, 2004). The Clean Water Act requires surface water quality to
be good enough to support fish and wildlife populations, protect drinking water sources,
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and allow for human recreation. The major purpose of the CWA is to protect and restore
the quality of the nation’s surface waters (USEPA, 2004). According to the USEPA
standards’ plan there is an essential need for improved water quality standards.
Improved human health criteria will better protect against bioaccumulative pollutants
and new microbial pathogen controls will better protect human health during water
related recreation. Better tools are required for controlling excessive sedimentation, and
for protecting wildlife (Water Quality Criteria and Standards Plan, USEPA, 1998). To
explore potential tradeoffs between contaminants resulting from the watershed land use
practices is an essential element for the development of the improving watershed
strategies for the aquatic ecosystems management between regulating water chemistry
and watershed land use.
Lu and Teasdale (2003) conducted research to estimate tradeoffs among soil
erosion, nutrient losses, and herbicide hazards by simulating data from six reducedtillage cropping systems in Maryland. This study used the results of 60-year simulations
based on data from the Sustainable Agricultural Demonstration site at Beltsville
Agricultural Research Center of USDA, ARS in Beltsville, Maryland. The results
indicated that a no-tillage, corn-soybean rotation with winter annual cover crops and
zero nitrogen inputs presented a minimal erosion risk and no risk of herbicide loss. The
authors also indicate that all systems had nitrogen runoff that went beyond the threshold
levels in at least two-thirds of the simulation period. Besides, the systems that had the
lowest levels of nitrogen in runoff were highest in phosphorus loss. Randhir and Lee
(2000) used an integration of nonlinear programming and a simulation model to assess
the impacts of enforceable standards at technology and farm boundary levels and to
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describe the role of NPS pollutant standards on overall pollution, farm income, and
income risk. The results indicate that enforcement type, and the level of standard have a
significant impact on farm income and water quality. Enforcing farm boundary
standards on nitrates had desirable effects on subsurface and percolate nitrogen and
variance in income.

3.2.3.1 Natural Attenuation
Natural attenuation (NA) refers to naturally-occurring processes in soil and
groundwater environments that act to reduce the mass, toxicity, mobility, volume and/or
concentrations of contaminants in soil or groundwater (USEPA, 1999). Intense human
activities over the past centuries have led to point and non-point source pollution
throughout the world. Although the unsaturated zone can attenuate contaminant
transport, intensive industrial activities at some places have led to the pollution of large
volumes of groundwater. Physical processes provide natural attenuation at these sites,
but in some cases they are unable to reduce contaminant concentrations to acceptable
water quality standards (Schirmer, et. al., 2004).
Chemical and biological transformations are natural processes that enable
removal of contaminants from the environment. Natural attenuation is a less studied
topic related to watershed contamination. Depending on site-specific circumstances,
physical processes such as dissolution, advection, dispersion, diffusion, sorption and
biodegradation influence the attenuation process (Werner et al., 2004). Natural
attenuation relies basically on unenhanced natural processes, but the promotion of the
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processes involved in natural remediation can be used as an effective clean-up method
(Narwal and Singh, 1998, Rittmann, 2004).
According to the report on Natural Attenuation for Groundwater Remediation
(NRCS, 2000), to better understand the role and effectiveness of natural attenuation in
treating contaminated sites a number of important questions and several critical areas
should be examined:
•

How chemical substances are naturally degraded in the environment? What
chemical, physical, and biological processes are in effect?

•

What site conditions are needed for these chemical, physical, and biological
processes to work? Which types of site conditions are optimal? Which
conditions inhibit natural attenuation?

•

What information is needed to fully characterize a site where natural attenuation
is being considered?

•

What breakdown products that may be more toxic, persistent, or mobile are
created when chemicals degrade? How does one prove that contamination is
degrading into harmless substances?

•

What monitoring and testing are needed to determine that a site and its
contaminants are suitable for natural attenuation? Is extensive monitoring
guidance necessary?

•

How long is it reasonable to monitor to ensure that natural attenuation is

working?
•

How viable are institutional controls? Can they be enforced?

•

Is stabilization by natural attenuation irreversible for metals or other substances?
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Good understanding of natural attenuation processes will lead to better
management practices on different watershed scales and at varying complexities.
Natural attenuation is being used at tens of thousands of contaminated sites around the
country. It takes place itself or in conjunction with other engineered remediation
systems (USEPA, 1997). Natural attenuation is defined as “all types of naturally
occurring physical, chemical, and biological processes that can reduce water-phase
concentrations of contaminants”. The Environmental Protection Agency (USEPA)
defines natural attenuation as including “biodegradation; dispersion; dilution; sorption;
volatilization; radioactive decay; and chemical or biological stabilization,
transformation, or destruction of contaminants” (USEPA, 1999).
The USEPA (1999) defined ‘monitored natural attenuation’ as the “reliance on
natural attenuation processes (within the context of a carefully controlled and monitored
site cleanup approach) to achieve site-specific remediation objectives within a time
frame that is reasonable compared to that offered by other more active methods. The
‘natural attenuation processes’ that are at work in such a remediation approach include a
variety of physical, chemical, or biological processes that, under favorable conditions,
act without human intervention to reduce the mass, toxicity, mobility, volume, or
concentration of contaminants in soil or groundwater. These in-situ processes include
biodegradation; dispersion; dilution; sorption; volatilization; radioactive decay; and
chemical or biological stabilization, transformation, or destruction of contaminants.”
Biodegradation is one of the most important components of natural attenuation.
It is the breakdown of organic contaminants by microbial organisms into smaller
substances. Under the right conditions, microorganisms can cause chemical reactions
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that change the form of the contaminants. However, some of the solvents biodegrade
only under very specific conditions, which are not present everywhere. Microorganisms
are most effective at degrading low to moderate concentrations of contaminants. High
concentrations as well as very low concentrations of contaminants may not be
biodegradable (USEPA, 1999). ‘Dispersion and Dilution’ is another important
component of natural attenuation. As the dissolved contaminants move away from the
source area, the contaminants are dispersed and diluted to lower concentrations over
time. Transformation, sorption processes can reduce the chances that the contaminants
will reach a location (USEPA, 1999). The soil and sediment particles (sand, silt, clay,
organic matter) through which the ground water and dissolved contaminants move can
sorb the contaminant molecules onto the particle surfaces. They can hold liquids in the
pores and between the particles slowing or even stopping the movement of the
contaminants. Chlorinated solvents are unstable and easily evaporate into the
atmosphere. Air currents dissolve the contaminants, reducing the concentration. Some
of the solvent vapors may be easily evaporated by sunlight. Vapors in contact with soil
microorganisms may be biodegraded. Volatilization may be a central exposure path in a
risk analysis (USEPA, 1999).
Naturally occurring attenuation processes such as biodegradation, adsorption
and hydrodynamic dispersion can significantly improve the rate of hydrocarbon mass
subtraction from impacted soils and aquifers. Assessing the effectiveness of such
mechanisms is becoming recognized as a cost-effective component of site investigation
and remedial action planning (NRCS, 2000). Bio-attenuation takes place because
microbes in the subsurface use hydrocarbons as food, providing them with a source of
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carbon and energy. In the process of "eating" hydrocarbons, microbes use other
substances to "breathe". These components are oxygen, nitrates, sulfate, iron,
manganese, and carbon dioxide. The microbial population will tend to apply these
electron acceptors in cycle, starting with oxygen because oxygen is the most energetic
acceptor (Cassiani, 2000).
Some techniques can be offered to improve performance of the process if the
natural capability of the system is not sufficient to complete remediation. For both
natural and enhanced bio-attenuation, an appropriate monitoring program has to be
established to manage the process (Cassiani, 2000).

Natural Attenuation of Sediments
Natural attenuation is currently a part of USEPA policy on sediment
management. “In certain circumstances, the best strategy may be to implement pollution
prevention measures as well as point and non-point source controls to allow natural
attenuation” (USEPA, 1998).
Sanchez et al., (2000) describe the natural attenuation as a group of biological,
chemical and physical processes that occur naturally and result in the containment,
transformation, or destruction of unfavorable chemicals in the environment. The
problem of managing sediment delivery to streams requires three issues to be examined:
the source, transport and delivery of sediments to streams. At the transportation phase,
assessment of local efficiency in sediment transport across the landscape and
identification of specific natural landscape features that have the greatest potential for

93

sediment attenuation should be evaluated, e.g., areas suitable for sediment attenuation
can be extracted using a digital elevation model (Sarkar, et. al., 2005).
The rates of natural attenuation of contaminants in sediments are the sum of the
rates of several biotic and abiotic processes. These processes include natural
biodegradation of the contaminants, chemical transformation of the contaminant into
organic matter associated sediments (humification), and rates of mass transport of
electron donors or acceptors or contaminants to locations where the microbial reactions
take place (USEPA, 1996).
Contaminants in Sediments can be characterized by a broad variety of organic
compounds and metals, constant high molecular weight organic compounds,
extensively distributed contaminants such as PCBs and PAHs (USEPA, May 1996).
According to the USEPA (1996) there are the following key processes for
sediment transport: hydrodynamics, sediment characteristics, solid loading,
biodegradation, and other factors like wind and biotrubation.
Hook (2002) studied sediment retention in rangeland buffers. The study
estimates the influence of vegetation characteristics such as buffer width, slope, and
stubble height on sediment retention in a Montana foothills meadow. Vegetation types
were compared include: sedge wetland, rush transition and bunchgrass upland.
Sediment (silt + fine sand) added to simulated overland runoff. Results show that
sediment retention is affected strongly by buffer width and moderately by vegetation
type and slope, while sediment retention is not affected by stubble height.
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Natural Attenuation of Phosphorus
Nitrogen and phosphorus are often limiting nutrients necessary for microbial
growth and activity. Low levels of these nutrients can limit biodegradation activity even
if all other requirements are available. In most situations, phosphorus is considered to
be limiting factor in eutrophication of freshwater lakes. The major source of
phosphorous is urban sewage disposal systems. Planning for control of eutrophication
involves application of models that can identify and quantify sources of phosphorus in a
watershed. The amount of phosphorus discharged from a sewage disposal system
depends on the phosphorus source. The literature uses different assumptions that
estimate potential phosphorus loading. There are different ideas on how phosphorus
attenuation occurs in soil. There is a general agreement that phosphorus is removed
from solutions flowing through the subsurface in two ways: adsorption and
precipitation. Minerals such as calcium, aluminum and iron react with the phosphorous
solution and form highly insoluble phosphorus compounds. Some studies presume that
adsorption and precipitation occur in series while other approaches are based on
simultaneous reactions. Other methods of phosphate removal include uptake by plants
and biological immobilization. However, these two processes are considered to be
insignificant in disposal field which are below the biologically active upper soil as in
the case of on-site disposal systems (Houston, 2004). Phosphorus attenuation research
in many cases is related to agricultural settings, where conclusions and data are
typically for the unsaturated zone. There are many other factors that influence
phosphorus attenuation: temperature of the soil, pH, depth of unsaturated soil, particle
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size distribution, travel distance in the saturated zone, and oxygen levels in the
subsurface (Houston, 2004).

Natural Attenuation of Nitrogen
Biological attenuation of nitrogen occurs in surface aquatic ecosystems such as
streams, wetlands, and ponds (Lamontagne et. al., 2001). Microbial processes
responsible for the biodegradation of organic contaminants in groundwater are major
approaches in bioremediation technologies. Because of its efficiency as a remediation
tool, much more is known about denitrification than about other mechanisms of
nitrogen attenuation in groundwater (Schipper et al. 1991; Simmons et al. 1992; Hill et
al. 2000; Pinay et al. 2000). There are four conditions that are generally required for
denitrification: a source of NO3, a source of energy, sub-oxic conditions, and an active
population of denitrifiers. (Lamontagne, et. al, 2001)
The knowledge of processes that remove nitrogen from groundwater is
important because in some cases N is permanently removed while in others N
accumulates in the system. When uptake by riparian vegetation is a large sink for
groundwater NO3-, removal of biomass N must be made on a regular basis to keep the
uptake potential of riparian areas and to prevent N from returning to the hydrological
cycle (Lowrance et al. 1984).
Research in Europe and North America for the last 20 years established that
efficient NO3- attenuation by stream riparian zones can take place only under a specific
geological and hydrological environment (Lamontagne, et. al, 2001). High NO3concentration in groundwater is a big problem for human and livestock consumption. N
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inputs from groundwater can also add to the eutrophication of freshwater, estuaries, and
coastal areas (Vitousek et al. 1997b; Bolger and Stevens 1999). Riparian zones have the
potential to remove a large portion of the N in polluted groundwater before it reaches
aquatic ecosystems. However, the range in NO3- attenuation rates indicates that not all
riparian zones attenuate NO3- efficiently (Lowrance et al. 1984).
Natural nitrogen attenuation is also directly associated with residence time.
Residence time of water is a function of pond volume and inflow/outflow rates. Ponds
with a surface area larger than or equal to 10 acres are likely to have the potential for
nitrogen attenuation. Developing a sub-watershed delineation and performing a land use
analysis to quantify the level of nitrogen attenuation (Lowrance et al. 1984).
Monitored natural attenuation (MNA) can be an effective and inexpensive
remediation strategy and has been intensively discussed over the past few years (e.g.,
Wiedemeier et al., 1999; Chapelle et al., 2001; Kaschl et al., 2002; USEPA, 2004). If
natural attenuation is intended to be used to achieve specific remedial objectives at a
contaminated site, it requires a good understanding of the ongoing processes as well as
good control, monitoring and modeling of the processes (Schirmer and Butler, 2004).
Natural attenuation is the risk-based management of contaminated land and
groundwater using the combined effects of biological, chemical and physical processes.
Natural attenuation occurs naturally in the subsurface environment. Key issues driving
the development, application and improvement of this remediation technology are:
•

Understanding at a fundamental level the processes and related environmental

factors which manage the natural attenuation of contaminants.
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•

Identifying suitable monitoring techniques to distinguish processes and quantify

attenuation at different scales.
•

Developing methodologies and robust modeling approaches for the accurate

assessment of natural attenuation. These outputs need to be translated into simple
engineering tools, which can provide a robust prediction of natural attenuation potential
(The University of Sheffield, 2006).
Ensign et al. (2005) studied Nitrogen and Phosphorus Attenuation within the
Stream Network of a Coastal, Agricultural Watershed. In this study, instream N and P
uptake were examined in the stream network draining a row-crop agricultural operation
in coastal North Carolina. The effect of in-stream nutrient uptake on estuarine loading
was investigated using continuous measurements of watershed nutrient export. Using a
mass balance approach, an in-stream uptake was found to attenuate 65 to 98% of the
NH4+ flux and 78 to 98% of the PO43– flux in small drainage ditches. The model
predicted that all of the upstream NH4+ and PO43– load was retained during base flow,
while 65 and 37% of the NH4+ and PO43– load was retained during storms.
Casey and Klaine (2000) studied nutrient attenuation by a riparian wetland
during natural and artificial runoff events. The experiments for artificial runoff events
were conducted using conditions similar to those of natural runoff events. The
researchers observed rapid and complete attenuation of PO43– right after runoff water
infiltrated into the wetland subsurface. No PO3-4 was observed in discharge from the
wetland. Nitrate attenuation occurred following a lag phase of several hours. Initially,
Nitrate attenuation was less than 60% but increased to 100% in all experiments. The
researches also observed the extensive dilution of runoff water in the wetland
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subsurface indicating mixing with pre-event ground water in the wetland. The results
demonstrate that intermittent inputs of NO-3 and PO3-4 could be successfully attenuated
in the wetland on the time scale of natural storm events.
Casey et al., (2000) studied mechanisms of nutrient attenuation in a subsurface
flow riparian wetland. A riparian wetland that had been receiving intermittent inputs of
NO-3 and PO3-4 during storm runoff events was investigated to determine the
mechanisms of nutrient attenuation in the wetland soils. The results indicate that the
wetland could retain a large additional mass of PO3-4 without increasing the dissolved
PO3-4 concentrations above the USEPA recommended levels. Authors also demonstrate
that denitrification can be considerable in systems receiving pulsed NO-3 inputs and that
sorption could explain extensive PO3-4 attenuation observed at this site.
According to the U.S. EPA remedial technology fact sheet (USEPA, 2000) in
order to decide what role natural attenuation can make to meet site remediation goals,
very detailed site investigations is needed out. In order to accurately evaluate natural
attenuation, it is crucial to know the location and concentration of the contaminants. It is
important to know how the contaminants move in the environment. Since contaminants
generally move in water in dissolve condition, the movement of ground water at the site
must be carefully examined to determine how the water moves as well as when and
where it moves. Also, assessment of natural attenuation processes may need a detailed
understanding of the site geochemistry, particularly where biodegradation processes are
implicated. The compounds that may be associated with microbial activity, such as
oxygen, carbon dioxide, nitrate, iron, sulfate, etc., should be measured in order to
increase understanding of what processes the microorganisms are using, how fast these
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processes are occurring, and what the results of these processes are expected to be
(USEPA, 1999).
Evaluation of natural attenuation usually involves not only the determination of
what processes of natural attenuation are occurring, but also the estimation of what type
of impacts these processes have in the future. Therefore, use of natural attenuation as
part of the site remedial plan will necessarily require a long-term monitoring plan,
which should provide information to regulators to decide if natural attenuation is
meeting site objectives, and to confirm any changes in conditions affecting natural
attenuation (USEPA, 1999).
Dynamic components of a watershed ecosystem are an important area of study.
Modeling of Watershed Tradeoffs is limited in watershed literature. This chapter will
address a portion of this gap with development of the hydrological watershed ecosystem
model and simulated tradeoffs of various contaminants.

3.3 Study area
The Blackstone River is 48 miles long, flowing from south central
Massachusetts into northeastern Rhode Island. The Blackstone River provides an
excellent watershed for the study caused by its historical role in the industrialization of
the northeast, and due to its current role in the environmental health (Wright et al.,
2001). The Blackstone River watershed (Figures 39, 40) drains approximately 640
square miles, 382 of which are in Massachusetts (EOEA 2003). The rest of 258 square
miles are located in Rhode Island. The watershed includes parts of 29 cities and towns
in central Massachusetts. The Blackstone River starts in the Town of Worcester at
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around 1,400 feet above mean sea level and drains southeast to Narragansett Bay in
Rhode Island (MA DEP, 2005)

Figure 39: Blackstone River Watershed locus map from the Massachusetts
Department of Environmental Protection (MADEP)

Figure 40: Blackstone River watershed map from the USGS
The Blackstone River Watershed headwaters are formed mostly of the urban and
industrialized areas of Worcester, Massachusetts. The Blackstone River played a key
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role in the industrialization of the northeast, having one dam for every mile of river. The
impact of these reservoirs on contaminant transport is not very well studied. Therefore,
the Blackstone River Watershed exhibits a key case study for understanding watersheds
with an industrialization history and heavy suburban growth. While already a stressed
environment, the Blackstone faces additional degradation due to development.
(Mangarillo et al., 2005).
As a result of requirements under the Clean Water Act, water quality in the
Blackstone River has improved over the last 20 years. However, there is still a serious
water quality concern in the watershed, such as phosphorus and its contribution to algal
blooms in the river. Even though the total phosphorus has been reduced as a result of
better management practices, the problem of nutrient input from bottom sediments still
exists. The cumulative effect from the combined input of all municipal discharges also
contributes to this water quality problem. Other water quality concerns in the
Blackstone River are: 1) water quality criteria violations for cadmium, copper, lead, and
zinc; 2) potential water quality problems associated with the operation of hydroelectric
facilities and water withdrawals; and 3) resuspension at high flow of contaminated
sediments loaded with metals, organic compounds, and hydrocarbons (Wright et al.,
2001).
Land use within the watershed is mostly forest and residential areas (Table 2).
Most of the residential developed areas are located in the upper portion of the
watershed. Forested areas at the same time are within the lower portion. 19 dams along
the length of the river influence the Blackstone River hydrology. Watershed hydrology
is also impacted by substantial natural storage in the upper and middle watershed. It has
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been calculated that it takes up to four days for peak flows in the upper portion to reach
the Lower Blackstone (Wright et al., 2001). Water levels in the river change quickly
over short periods of time because of a combination of storm influence and water flow
regulation. The storm flows are compounded by a predominance of impervious surfaces
in the Worcester area (MADEP, 2001). As the river flows through Worcester, combined
sewer overflows (CSOs) and even unlawful sewer connections contribute waters to the
urban river. In recent years, the Worcester Department of Public Works (DPW) has
been actively investigating and repairing these connections (City of Worcester- DPW
2000; USEPA, 2004; MA DEP, 2005).
The Blackstone Valley was formed by glacial action about fifteen thousand
years ago that slowly shaped the course of the Blackstone River. The Blackstone River
drainage system is one of the seven major river systems of the northeast and its
tributaries, banks and floodplains provide a rich habitat for flora, fish and wildlife
(Wright et al., 2001).
Rainfall records from the National Weather Service (NWS) rain gage in
Woonsocket, Rhode Island, specify that the average annual rainfall for the lower
Blackstone River basin was 47.9 in/yr for the period 1957–99 (Carol LaRiviere,
Assistant Superintendent for the Woonsocket Water Division, written comm.., 2002).
According to Barlow (1999), the 5-year average population for the lower
Blackstone River basin is estimated to be 149,651 persons. The population within the
lower Blackstone River basin in general decreases from east to west. The most highly
populated subbasin is the Peters River subbasin with an estimated population of 70,641
persons. The next most populated subbasin is the West River subbasin with 31,862
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persons, followed by the Abbott Run subbasin with 21,750 persons. The Clear River
subbasin is estimated to be 12,316 persons, the Branch River subbasin - 8,392 persons,
and the Chepachet River subbasin with 4,689 persons. The lower Blackstone River
basin includes the cities of Woonsocket and Pawtucket, with 5-year average populations
of about 41,800 and 68,300, respectively. These cities and other suburban towns in the
eastern subbasins of the lower Blackstone River basin have higher populations than
towns in the western subbasins (Barlow, 1999).
In general, land within the lower Blackstone River basin can be characterized as
predominately forested (55.8 percent). The next largest land-use category is residential
(18.4 percent), followed by wetlands (7.4 percent), agricultural (5.4 percent), water (3.3
percent), commercial (1.5 percent), industrial (1.0 percent), and transportation (1.0
percent), with Other land-use categories compose the remaining 6.2 percent of the lower
Blackstone River basin. The percentages of commercial, industrial, and agricultural
land use did not vary very much from the western to eastern subbasins (Barlow, 1999).
The general Land use distribution within the Blackstone River watershed is presented in
Table 2.
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Table 2: Blackstone River Watershed land use as of 1999
(Massachusetts DEP, USEPA, 2005)
Land Use Category

% Of Watershed Area
1.4
2.0
3.1
4.2
0.3
53.8
1.8
<0.1
3.1
69.8
<0.1
1.3
10.8
7.1
4.2
1.3
0.6
1.5
1.5
1.6
0.3
30.2

Pasture
Urban Open
Open Land
Cropland
Woody Perennial
Forest
Wetland
Water Based Recreation
Water
Undeveloped Land
Spectator Recreation
Participation Recreation
> ½ acre lots Residential
¼ - ½ acre lots Resedential
<1/4 acre lots Residential
Multi-family Residential
Mining
Commercial
Industrial
Transportation
Waste Disposal
Developed Land

Table 2 shows that developed land is at around 30% of the total area. The
highest developed land is mostly consists of residential areas, while the highest
undeveloped land is mostly in forests. The undeveloped land is around 70% of the
watershed area.
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3.4 METHODOLOGY
3.4.1 Conceptual Framework
The conceptual framework used to study watershed tradeoffs is presented in
Figure 41. The components and relationships in the framework are used in the study of
watershed tradeoffs. The conceptual model consists of four components: water quality,
water quantity, watershed system, and tradeoffs. Both water quantity and quality can be
best observed on a watershed basis. It is important to consider the conditions under
which system interactions and trade-offs should be addressed.

Figure 41: Watershed Tradeoffs - Conceptual Model
In the watershed tradeoffs simulation modeling, the effect of land use change on
water quality is simulated using the Soil and Water Assessment Tool (USEPA, 2001).
Water quality and quantity estimated using an array of equations to simulate watershed
processes. A set of land use change scenarios based on different land use patterns is
used to study effects and potential influence of changes on the water quality and
quantity components and their tradeoffs based on a comparison of simulations under
alternative future scenarios and a baseline in the study watershed.
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3.4.2 Methods
The empirical model is presented in Figure 42. The watershed simulation is
performed using SWAT (USEPA, 2001) model. The SWAT model is based on specific
information about watershed’s weather, soil properties, topography, and land use data.
The SWAT models the hydrologic cycle based on the water balance approach and is
expressed as a mathematical relation among the various hydrologic components. The
model is run for 30 years. The model outcomes are calibrated for runoff and other
attributes before finalizing the model. Watershed response to alternate land use
conditions is modeled to evaluate various tradeoffs in among attributes. The water
quantity attributes that are studied include runoff (the flow of water, from rain,
snowmelt, or other sources, over the land surface), and water yield (the sum of surface
runoff, soil sub-surface flow and baseflow). The quality attributes include nitrogen,
phosphorus, and sediment yield. The final tradeoff matrix is developed for the study
watershed. This matrix can be used to assess various policies that include policies on
nutrients, water resources, and land use.

107

Figure 42: Empirical Model

3.4.2.1 Hydrologic Watershed System Modeling
The SWAT, standing for The Soil and Water Assessment Tool (USEPA, 2001),
is a hydrologic model that is created to predict the impacts of land use change on the
water yield and water quality of large, heterogeneous catchments. It is a model that is
used widely around the world by government agencies and catchment management
authorities to calculate long-term impacts of land use change on the water yield and
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water quality (Neitsch et al., 2002). SWAT has been applied widely to address
problems related to water quantity and quality across the U.S. and in other countries
(Arnold et al., 1994). It has also been applied to study the long−term impacts of
different water and agricultural management practices from large− and small− scale
watersheds (Srinivasan et al., 1998; Santhi et al., 2005). SWAT has been integrated into
the U.S. Environmental Protection Agency’s modeling framework, Better Assessment
Science Integrating Point and Nonpoint Sources (BASINS), for use by state and federal
agencies (Di Luzio et al., 1998).

Soil and Water Assessment Tool (SWAT)
The SWAT (USEPA, 2001) is a water quality simulation model that operates on
a daily time step. The SWAT model components include: hydrology, weather,
sedimentation, soil temperature, crop growth, nutrients, pesticides, and agricultural
management (Neitsch et al., 2002).
During simulations, the watershed is subdivided into subbasins. For each
subbasin, water flux and transport of sediment and agrochemicals are simulated and
then directed through the watershed, where water and chemicals are transported from
one simulation element to the next depending on flow characteristics (DiLuzio et al.,
1997).
Erosion and sediment yield are calculated for each sub-basin with the Modified
Universal Soil Loss Equation (Williams and Berndt, 1977). Runoff is simulated by
using the Curve Number (CN) method, where CN varies with the moisture conditions of
the soil. The amounts of nitrate contained in runoff, lateral and percolation are
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estimated as products of the volume of water and the average concentration of nitrate in
the layer for a daily time step (Neitsch et al., 2002). The amount of soluble phosphorus
lost in runoff is estimated using labile P concentration in the top 10 mm of soil, the
runoff volume, and a portioning factor (Neitsch et al., 2002; Campbell, 2003).
SWAT simulates both the water and nutrient cycle. The watershed is delineated
from a digital elevation model and further divided into subbasins. Unique combinations
of land use and soil types within a subbasin are aggregated to form Hydrologic
Response Units (HRU) (Neitsch et al., 2002). The processes of evapotranspiration,
infiltration, surface runoff, subsurface flow, percolation, sediment erosion, crop growth
and N cycle are simulated for each HRU. The resulting water, nutrient and sediment
fluxes from each HRU are accumulated within their corresponding subbasin and
allocated to the main reach of the subbasin. Discharge and matter fluxes are routed
within the stream network from one subbasin to another and finally to the outlet of the
watershed using either the variable storage routing method (Arnold et al., 1995) or the
Muskingum river routing method (Pohlert et al., 2007).

BASINS Data
The BASINS (USEPA, 2001) database is used in this study and is integrated
with other GIS data for the Blackstone Watershed. The inputs for SWAT model is
derived from GIS data sets in BASINS (USEPA, 2001) and Massachusetts Geographic
Information Systems (MassGIS, 1999). The precipitation data for 30 years from the
National Climate Data Center of the National Oceanic and Atmospheric Administration
(NOAA) is incorporated in to the model in order to calculate quantity and quality
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components for each HRU and totaled output by subbasin. Data sets are for basin
01090003, which is an 8-digit hydrologic unit defined by USGS (United States
Geological Survey). Four major water quality attributes were calculated for each
subbasin of the Blackstone River Watershed: runoff, sediment yield, loading of nitrate
and phosphorus by means of the Soil and Water Assessment Tool (SWAT). All data
were projected to 1983 State Plane Massachusetts Mainland (Lambert Conformal
Conic) projection. The Blackstone River Watershed was delineated into subwatersheds,
which required a 30-meter digital elevation model (DEM) and stream network data
(NHD, 1: 100K). After placement of the main watershed’s outlets the Blackstone River
Watershed was delineated by BASINS’ watershed delineation tool into 115
subwatersheds (Figure 45).
To establish the area and hydrologic response units of each land-soil category
within each subwatershed, land use and soil data are incorporated into the model and
merged with the watershed boundaries. The GIS Shape files were automatically
converted into raster to allow incorporation and analysis with the DEM (Figure 46).
State Soil and Geographic (STATSGO) grid information (US Department of
Agriculture, Natural Resources Conservation Service) is also added to the project after
clipping to the watershed boundaries and reclassified according to the project
requirements. The BASINS model incorporated the land use and soil layers with the
DEM and stream information (Figure 47, 48). Later BASINS is set to define multiple
HRUs with a 2% threshold level setting for each subbasin. It means that any land use or
soil type that covered 2% or more of the subbasin is defined as a HRU. BASINS
automatically ignore minor land uses covering less than 2% of the subbasin and then
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redistributed land use categories to 100% of the land area. After HRUs are defined, the
SWAT model was run for 30 years. Precipitation Data for 30 years from the National
Climate Data Center of the National Oceanic and Atmospheric Administration (NOAA)
from four stations is incorporated into the project in order to calculate quantity and
quality components for each HRU and totaled output by subbasin. All stations had
continuous daily precipitation statistics from January 1, 1976 through December 31,
2005. To be used in SWAT NOAA precipitation data is transformed to millimeters. The
SWAT model generated 3 output data files, containing 30-years average calculated
values for each indicator of impairment: runoff, sediment yield, nitrate, phosphorus in
the Blackstone River Watershed.
The SWAT Arcview interface (DiLuzio et al., 1998) is used to derive model
parameters from GIS data layers to create parameter files, to partition the watershed into
subwatersheds as well as to delineate the channel network. Geographic information
system (GIS) layers of terrain, soils, and land-cover data as well as climatic data were
used to prepare SWAT input parameters. The BASINS model automatically delineated
115 subbasins in the Blackstone River watershed based on the DEM, NHD data and
defining of a watershed outlet. The SWAT model then simulated water quantity and
quality for each subbasin on an annual basis for 30 years. The 30-year average values
for each parameter is calculated and maps are produced to show runoff, water yield,
sediment yield, nitrate, phosphorus in Blackstone River watershed (Figure 49, 50).
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Model calibration
Before mapping results and making any conclusions, the simulated model
requires calibration. The model is calibrated by comparing average annual Flow Out
results from the defined subbasins in the Main Channel Output File (.rch) with
equivalent stream flow data form the appropriate gauge stations. After several
calibration runs, the calibrated results are statistically analyzed in order to find the
relative predictive power of a model (R2) and the further analysis of the model output
performed out. This analysis will focus on tradeoffs and attenuation in the watershed.
Based on the hydrologic watershed system model, the role of the best management
practices (BMP) to mitigate contamination and influence tradeoffs in the watershed will
be tested. Different BMP scenarios will be evaluated to observe the potential impacts on
nitrogen, phosphorus, soil loss, runoff and sediment yields.

3.5 RESULTS AND DISCUSSION
Overview
This section presents the results of the study. At the beginning, the results of the
calibration are presented. This is continued with a discussion of the SWAT model
results for the study area. Results of modeling and analysis of the model are presented
and described individually according to the research questions. Finally, the results are
presented and discussed in relation to their implications for watershed management.

3.5.1 Calibration Results
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The SWAT-simulated average annual flow results for 30 years at subbasin 81
were compared with mean annual flow values from the stream gauge site (USGS
01112500 BLACKSTONE RIVER AT WOONSOCKET, RI) for the same time period
(Figure 43). Since simulated data were slightly lower than observed data an adjusted
curve Number (+8%) as a calibration scenario is used to calibrate the model.
After calibration a regression analysis of simulated and actual flow yielded R2 =
0.78. This shows that simulated model results explained 78% of the variation in the
observed monitoring. The baseline calibration results are presented in Figure 44.

Figure: 43: X-Y Plot of the calibration results
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Figure 44: Baseline calibration results

The calibrated model is used to assess the predictability the water quality and
quantity. Results of model predictions and performance of the model is confirmed
through statistical evaluation of the results. Statistical analysis of the model results
indicate that, simulated SWAT results are relatively in good agreement with the
measured values. The graph (Figure 44) indicates that SWAT’s annual flow results tend
to be slightly under monitored data at the gauge site during certain years; however, the
SWAT simulation for the most part replicates the pattern of annual peaks and valleys
shown by the monitored stream flow data.
The output summary statistics for the calibration results is presented in Table 3.

115

Table 3: Statistics summary output
Statistic

Estimate

Significance

R2

0.78

F

101.003

> 1%

Intercept

2.2526

Not - Significant

Coefficient

1.0758

10%

Validation of attributes is based on Mass DEP Water Quality Assessment data
report for the Blackstone River watershed.

3.5.2 Baseline results
The BASINS model automatically delineated 115 subbasins in the Blackstone
River watershed based on the DEM, NHD data and defining of a watershed outlet. An
overview of the entire catchment area and subbasins is presented in Figure 45.
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Figure 45: Blackstone River Watershed subbasins generated in BASINS

Drainage divides are delineated from the 30 m digital-elevation-model (DEM)
obtained from 1:24000 scale maps from the U. S. Geological Survey (USGS). The
digital elevation map generated in BASINS is presented in Figure 46. It shows that the
highest elevation occurs along the extreme north and northwest edges of the study area,
while the lowest elevation is in the south edge of the watershed.
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Figure 46: Blackstone River Watershed DEM

Land use data are added to the model and merged with the subbasin boundaries.
BASINS automatically convert the land use polygons into raster and reclassifies to
standard classes. The watershed land use generated in BASINS is presented in Figure
47. The Figure shows that land use is reclassified into 13 classes. The figure shows that
land within the Blackstone River watershed can be characterized as predominately
forested. The next largest land-use category is residential, followed by wetlands,
agricultural, water, commercial, transportation, and other land-use categories
composing the remaining land use. The industrial land use (UIDU) is mostly
concentrated in the lower part of the watershed.
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Figure 47: Blackstone River Watershed land use generated in BASINS.

In further configuration of the model the soils information was associated with
the watershed boundary and reclassified into 19 soil classes (Figure 48)

Figure 48: Blackstone River Watershed soil classification generated in BASINS.
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This Figure shows spatial soil distribution within the Blackstone River
watershed according to the Map Unit Identification Symbol (MUID) information. It
uniquely identifies a mapunit for each soil group.
The SWAT simulation is run using actual precipitation data from 1976 to 2005.
The model simulated 30 years and calculated results for each subwatershed on an
average annual basis. The 30-year average values for the quantity and quality
parameters of interest are mapped to show spatial distribution of runoff, water yield,
sediment yield, nitrate, phosphorus in the Blackstone River watershed (Figures 49, 50).

Surface Runoff (mm)

Water Yield (mm)

Figure 49: Spatial distribution of water quantity attributes

The Figure 49 shows spatial distribution of the water quantity attributes, Runoff
and Yield. All values were reclassified into three categories to represent Low, Medium,
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and High levels of water quantity. It can be observed that the highest runoff and water
yield occur in the north and central parts of the watershed. The lowest water yield is
mostly observed in the southern part of the watershed. The spatial distribution of four
water quality parameters is presented in Figure 50. Again, all values were reclassified
into three major categories to represent Low, Medium, and High levels of the attribute.
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Nitrate (kg N/ha)

Soluble Phosphorus (kg P/ha)

Mineral Phosphorus (kg P/ha)

Sediment Yield (metric tons/ha)

Figure 50: Spatial distribution of water quality attributes

122

The results indicate the greatest values for the Nitrate and Phosphorus occur in
the upper half of the watershed. There are also the most levels of these parameters in the
very end of the watershed near the outlet. The less effected areas for Nitrogen,
Phosphorus, and Sediment Yield are observed in the south and southwest portions of the
watershed.

Baseline statistics:
To study the relative level and variability a univariate mean statistics of each
attribute is done. The initial mean statistics (watershed mean and coefficient of
variation) is presented in Table 4.

Table 4: Mean and coefficients of variation for watershed attributes
Watershed Attribute

Watershed Mean

% CV

Surface Runoff (mm H2O)
Water Yield (mm H2O)
Nitrate (kg N/ha)
Soluble Phosphorus (kg P/ha)
Mineral Phosphorus (kg P/ha)
Sediment Yield (metric tons/ha)

498.640
596.477
2.657
0.163
0.034
0.410

20%
11%
30%
76%
78%
128%

It is observed that a fairly high variability exists among the subwatersheds for
Soluble Phosphorus (CV = 76%), Mineral Phosphorus (78%), and Sediment Yield
(128%) indicating that values for these attributes vary about the means from 76% to
128%.
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3.5.3 Tradeoffs Analysis
To determine the significance of tradeoff among water quantity and quality
attributes and to evaluate the nature of relationships the tradeoff analysis is used. A
selected parameter is used as an independent variables (X) to study the relationship to a
dependent variable (Y), i.e. between surface runoff rate and sediment yield, or between
phosphorus and nitrate. Linear, exponential and power function regressions are
compared for tradeoffs among surface runoff, water yield, nitrate, soluble phosphorus,
mineral phosphorus, and sediment yield data. Graphically these relationships are shown
in Figures 51 – 58. The regression results between tradeoffs are compiled in Table 5.
The results presented in Figure 51 describe the relationship between surface
runoff and sediment yield.

Figure 51: Surface Runoff / Sediment Yield Tradeoff

The explanatory power (R2 = 0.064) indicate that 6.4% percent of the variation
is explained by this specific relationship (Table 5). It is an exponential model, which is
non-linear and rises at increasing higher rates. It is shown that as surface runoff
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increases sediment yield also increases. Thus, runoff can be considered as on of the
major determinants of sediment yield. The maximum sediment yield occurs at the level
of 500 (mm) of surface runoff and comes to 3 (metric tons/ha) of sediment yield. The
relationship between surface runoff and nitrate tradeoff is presented in Figure 52.

Figure 52: Surface Runoff / Nitrate Tradeoff

The explanatory power (R2 = 0.83) indicate that 83% percent of the variation is
explained by this specific relationship (Table 5). It is a linear relationship with a nitrate
level increasing at a steady rate as surface runoff increases. The tradeoff relationship
between surface runoff and soluble phosphorus is presented in Figure 53.
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Figure 53: Surface Runoff / Soluble Phosphorus Tradeoff

The explanatory power (R2 = 0.0485) indicate that only 4.9% percent of the
variation is explained by this specific relationship (Table 5). It is exponential model
with an increase at higher rates. It shows that Soluble Phosphorus level increases as
Surface runoff goes up. The highest value of the soluble phosphorus occurs at 400 (mm)
of the surface runoff and present approximately 0.5 (kg P/ ha) of soluble phosphorus.
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The tradeoff relationship between surface runoff and mineral phosphorus is
presented in Figure 54.

Figure 54: Surface Runoff / Mineral Phosphorus Tradeoff

The explanatory power (R2 = 0.07) indicate that only seven percent of the
variation is explained by this specific relationship (Table 5). It is an exponential
relationship between mineral phosphorus and surface runoff and it indicates that
mineral phosphorus level is increasing as surface runoff increases. The highest value of
the mineral phosphorus occurs at 500 (mm) of the surface runoff and present
approximately 0.12 (kg P/ ha) of soluble phosphorus.
The tradeoff relationship between mineral phosphorus and nitrate is presented in
Figure 55.
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Figure 55: Mineral Phosphorus / Nitrate Tradeoff

The explanatory power (R2 = 0.10) indicate that 10 percent of the variation is
explained by the specified model (Table 5). The logarithmic relationship between
mineral phosphorus and nitrate indicate that the rate of change in the nitrate level is
proportional to the change in mineral phosphorus level.
The tradeoff relationship between soluble phosphorus and nitrate is presented in
Figure 56.

Figure 56: Soluble Phosphorus / Nitrate Tradeoff
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The explanatory power (R2 = 0.13) indicate that 13 percent of the variation is
explained by this specific relationship (Table 5). As in Figure 56, the logarithmic
relationship between soluble phosphorus and nitrate is apparent indicating that the rate
of change in nitrate level is proportional to the change in soluble phosphorus level. The
rate at which nitrate increases with increasing soluble phosphorus, and increases slowly
at higher levels of soluble phosphorus.
The tradeoff relationship between sediment yield and soluble phosphorus is
presented in Figure 57.

Figure 57: Sediment Yield / Soluble Phosphorus Tradeoff

The explanatory power (R2 = 0.02) show that only two percent of the variation is
explained by this specific relationship (Table 5). The polynomial relationship between
sediment yield and soluble phosphorus indicate that differences are small at the lowest
levels increasing to maximum values between 0.5 (kg P/ ha) and 0.6 (kg P/ ha), and
then decrease at levels 3.0 (metric tons/ha) of sediment yield.
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The tradeoff relationship between surface runoff and mineral phosphorus is
presented in Figure 58.

Figure 58: Sediment Yield / Mineral Phosphorus Tradeoff

The explanatory power (R2 = 0.84) indicate that 84 percent of the variation is
explained by the specified relationship (Table 5). The polynomial relationship between
sediment yield and mineral phosphorus indicate a general increase in estimated mineral
phosphorus as sediment yield increases. The marginal effect of the sediment over
mineral phosphorus can be estimated as:

dy
= -0.0396x + 0.087
dx

The tradeoffs equations are presented in Table 5. The regression equations can
be used to estimate the value of the dependent variable given the independent variable
and also to calculate marginal effects.
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Table 5: Regression results between tradeoffs
#

Trend Line Dependent Independent
type
Variable
Variable
Exponential Sediment
Surface Runoff
Yield
Linear
Nitrate
Surface Runoff
Exponential Soluble
Surface Runoff
Phosphorus
Exponential Mineral
Surface Runoff
Phosphorus

Tradeoff Equation

R square

y = 0.0496e0.0029x

R2 = 0.064

y = 0.0072x - 0.9499
y = 0.0484e0.0018x

R2 = 0.833
R2 = 0.049

y = 0.0074e0.0024x

R2 = 0.073

5

Logarithmic Nitrate
Logarithmic Nitrate

y = 0.2927Ln(x) +
3.7467
y = 0.3572Ln(x) +
3.4173

R2 = 0.105

6

Mineral
Phosphorus
Soluble
Phosphorus

7

Polynomial
Polynomial

y = -0.0387x2 +
0.0785x + 0.1479
y = -0.0198x2 +
0.087x + 0.0072

R2 = 0.024

8

Sediment
Yield
Sediment
Yield

1
2
3
4

Soluble
Phosphorus
Mineral
Phosphorus

R2 = 0.137

R2 = 0.848

As seen in Table 5 the best correlations were for surface runoff / nitrate (R2 =
83%) and sediment yield / mineral phosphorus (R2 = 84%) tradeoffs, for the other
considered attributes no strong correlation is found. The overall results show that the
surface runoff increase sediment and nutrient losses.

3.5.4. Policy implications and best management practices (BMPs):
Restoration policies and BMPs can be used to address various development
impacts and to balance the interests of environmental groups and land owners. Selected
restoration policies and the best management practices (BMPs) based on the tradeoff
relationship are presented in Table 6.
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Table 6: Restoration policies and BMP’s
Impairment
Reduction
Runoff, Sediment
and Nutrients

Restoration Policies
- Cluster zoning
- Site plan review zoning
- Water supply protection
zoning
- Impervious surface
limitations
- Floodplain management
- Erosion and sediment control
standards
- Nutrient loading standards

BMPs
- Irrigation water management
- Nutrient management
- Agricultural vegetative and
tillage practices
- Forestry practices
- Urban runoff reduction
practices (porous pavement,
urban forestry)

Restoration policies for the runoff, sediment, and nutrients reduction can be used
to protect watersheds from contamination. This can be through regulating of
contamination from runoff, impervious surfaces, protecting of riparian buffers,
controlling impacts of erosion and sedimentation. Standards in performance can be used
to control impacts of nitrogen and phosphorus contamination and to protect water
bodies from eutrophication.
Best management practices can minimize runoff by creating good ground cover
after consideration of land slopes and drainage conditions. Good land development
practices can trap sediments, reduce flow velocity, reduce peak flow rates and provide
some removal of nutrients and can be effective under proper use, timing, and
application rates (MA DEP, 1993; Boutiette, 2004). Efficient irrigation systems and
water management practices can help maintain soil profitability. Improved water
management practices may also reduce the impact of irrigated production on water
quantity and quality, and conserve water for growing demands. Improved irrigation
practices can help reduce loadings of nutrients, pesticides, and trace elements in
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irrigation runoff to surface waters, and leaching of agrichemicals into groundwater
supplies (Schaible and Aillery, 2003). Nutrient management planning is a best
management practice that aims to optimize crop yield and and to protect soil and water.
The principles include the consideration of the right amount, the right product, in the
right place, at the right time (Hilliard and Reedyk, 2000) Vegetative and tillage
practices, such as contour farming, cropping sequence and structural practices, such as
terraces, sediment control basins are the best management practices that are aimed to
reduce degradation of water resources by agricultural practices. Different forestry
practices such as creating water diversion bars to divert runoff into vegetated areas and
reduce erosion as well as filter strips of vegetation to reduce runoff to water bodies can
help to manage forests in a way that benefits both forest managers and the environment.
Urban runoff reduction practices by reducing paved surfaces and directing runoff to
landscaped areas where it filters through soil as it saturates into the ground can help to
minimize negative effects on surface waters (MA DEP, 1993; Boutiette, 2004).
The two hypotheses of the study are confirmed at least to a certain degree: there
exist significant tradeoffs among water attributes in a watershed; there exist
opportunities in improve watershed systems through spatially targeted and practices.

3.6 CONCLUSIONS
Modeling hydrologic changes and predicting their impact on watersheds is one
of the major concerns in environmental protection and watershed management.
Watershed planning and management involve approaches to protect water quality and
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quantity using a whole watershed. This includes targeting priority areas in the
watershed and developing appropriate solutions to the problems.
In this research a hydrologic model was applied to the Blackstone River
watershed. The Soil and Water Assessment Tool (EPA, 2001) was used to study the
watershed tradeoffs and the effect of land use change on water quality. Regression
models and graphical methods were used to assess tradeoffs. Validation of attributes is
based on water quality data in watershed. To study the relative level and variability
among subwatersheds, the initial mean statistics (watershed mean and coefficient of
variation) was used.
It was observed that a high variability exists for soluble phosphorus, mineral
phosphorus, and sediment yield. The tradeoff relationships between watershed
components are important information for conservation. The regression results indicate
that a highest correlation exist between nitrate and surface runoff and between mineral
phosphorus and sediment yield. This linear relationship between nitrate and surface
runoff, and a polynomial function for the mineral phosphorus and sediment yield. The
marginal effects for each tradeoff relationship were calculated to explain the tradeoff
relationship between the attributes.
The results also show that the Soil Water Assessment Tool (SWAT) is a useful
tool for watershed tradeoff assessment. Tradeoffs relationship assessment is essential
for designing policies in watersheds.
There are a wide variety of management possibilities, including educational and
technical programs. The model was run to reach specific objectives and can provide
relevant information for watershed management. Design and implementation of
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sustainable resource policies within the watershed is an important tool for managers and
need good coordination between conservation managers and landowners to be
successful. The watershed system requires policies and BMPs to improving watershed
function and structure. Restorations method and plans can use detailed information on
watershed tradeoffs among factors contributing to deterioration of particular location.
Further extension of the study would be to explore long term effects sustained
disturbance on watershed ecosystem. This model could also be used to evaluate micro
level and community-based policies and BMPs.
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CHAPTER 4

CONCLUSIONS

There exist short-term and long-term impacts of land use change on water
resources. This can have direct and indirect impacts on the environment and human
society. Water quality, quantity and ecological interactions of watersheds are the result
of interactions between components of the watershed system such as rainfall, runoff,
erosion, sediment transport, and nutrients transport. Land-use change is a primary factor
causing water-quality and habitat degradation (USGS, 2005).
Changes in land-cover influence soil quality, water runoff, sedimentation rates,
earth-atmosphere interactions, biodiversity, the hydrological cycle, and biogeochemical
cycling of carbon, nitrogen and other elements at different scales (Binford et. al., 2000).
Chemical and biological transformations are natural processes that enable removal of
contaminants from the environment. Natural attenuation is a less studied topic related to
watershed contamination. Natural attenuation relies on unenhanced natural processes,
but the promotion of the processes involved in natural remediation can be used as an
effective clean-up method (Narwal and Singh, 1998; Rittmann, 2004). Information on
watershed tradeoffs relationships can be useful to develop restoration strategies to
improved watershed structure and function.
Predicting land use change and assessing watershed tradeoffs between
watershed components help determine the possible nutrient and sediment load
reductions needed to obtain a particular water quality standard. Tradeoff assessment is a
useful tool to meet agricultural and urban needs in regard to the water quality standards.
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The purpose of this study has been to develop and apply a spatial and temporal
dynamic simulation model for the land use change and a hydrologic dynamic simulation
model for the estimation of the tradeoffs relationships between watershed contaminants
and attributes. This effort is important because it can help in policies, planning and
decision making at a variety of scales by providing important information about
baseline conditions in the watershed and changes among water attributes at different
scales.
The spatio – temporal dynamic model is applied to one of the subbasins within
the Blackstone River Watershed to predict potential land use changes in the subbasin.
The selection of subbasin is based on existence of a diversity of land use types. The
SIMILE simulation tool (Simulistic, 2003) is used to assess the land use changes. The
model is conceptualized as three types of objects (Patch, Land Transition, and
Neighborhood). The temporal dynamics is evaluated using a time-series of land use to
derive transition probabilities that were incorporated into the transition matrix for
MCMC (Monte Carlo Markov Chain) analysis. The spatial dynamics is assessed
through a cellular interaction among contiguous neighborhood cells. The modeling is
performed using the model interface for 3,025 cells that form the modeling matrix.
Results show an increase in urban land use, associated with the decline in
agricultural and forest land. A preliminary analysis show that urbanization could
become a serious problem in the future. The results emphasize the need to protect
agricultural area in rapidly changing watersheds. The highest soil loss is associated with
agriculture and urban areas, while forested areas had lower soil loss. The results also
indicate that the highest runoff areas are associated with urban and agriculture types and
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the low runoff areas are associated with the forest type. The results show that spatial
interactions and transition probability are important spatial drivers of land use change.
In the watershed tradeoffs analysis, the effect of land use change on water
quality is simulated using the Soil and Water Assessment Tool (USEPA, 2001). The use
of spatial hydrologic modeling in this methodology allows watershed data to be
assessed and compared. The methodology is applied to the Blackstone River watershed
and its 115 subbasins. The Blackstone River watershed drains approximately 640 square
miles with 382 of which are located in Massachusetts and comprises of forest,
agricultural lands and small residential areas. Major attributes are assessed for each of
the subbasins using spatial data analysis with GIS and spatial modeling with the Soil
and Water Assesment tool (SWAT).
Water quality and quantity is estimated using an array of biophysical equations
to simulate watershed processes. A set of land use change scenarios based on different
land use patterns is used to study the effects of land use changes on the water quality
and quantity and their tradeoffs. The water quantity attributes that are studied include
runoff, water yield, while quality attributes include nitrogen, phosphorus, and sediment
yield. The final tradeoff matrix is developed for the study watershed, which could be
used to assess implication of policies on nutrients, water resources, and land use.
To study the relative level and variability among subwatersheds, mean statistics
(watershed mean and coefficient of variation) is estimated. It is observed that a fairly
high variability exists for soluble phosphorus, mineral phosphorus, and sediment yield.
The tradeoff relationships between watershed components are quantified as tradeoff
equations. The regression results indicate high correlations exist between nitrate and

138

surface runoff and between mineral phosphorus and sediment yield. The variation fits a
linear relationship for nitrate and surface runoff, and a polynomial model for mineral
phosphorus and sediment yield. The marginal effects for each tradeoff relationship are
also calculated.
Different protection policies can be used at a watershed scale through land use
policies and the application of Best Management Practices. Possible restoration policies
to address sources of degradation are also discussed. A better functioning watershed
system requires a balancing of policies and BMPs aimed at improving watershed
structure and function. Functioning of the watershed could be improved by regulating
land use and implementation of BMPs as in relation to topography, the erodibility of
soils, sedimentation, infiltration and hydrology.
This thesis adds new knowledge to watershed literature through study of spatiotemporal dynamics and watershed tradeoffs with regard to the estimation of their
relationship. This study also helps to provide a method that allows for a subwatershedbased tradeoff relationship analysis of a watershed.
Further extensions of this research could focus on assessment of different
policies and best management practices and effects of policies to reduce impairment as
well as on long term effects on watershed ecosystem. More research is also needed in
the area of how to determine the most effective policies and practices for the
minimizing negative effects of the watershed impairment at varying scales. Further
steps for both models could also be taken to use the existing analysis and application
these results to a community level for testing and guiding restoration policies and
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BMPs. This methodology could be also applied to the other watersheds with different
land use and water quality characteristics.
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APPENDIX: TRANSITIONAL PROBABILITIES

Table 7: Transitional probabilities of land use change
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